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CHOLINE DEFICIENCY IN THE GUINEA PIG! 
R. J. YounGc anp C. C. Lucas 


Abstract 


Young guinea pigs (4-6 days of age) fed a choline-deficient diet grew slowly and 
died within 3 to 4 weeks, at which time the livers showed only traces of stainable 
fat. Animals fed the diet supplemented with choline grew at the rate of 5.5 to 
6.0 g. per day. Guinea pigs transferred from a complete diet to a choline- 
deficient diet after 3 to 4 weeks suffered an immediate retardation in growth 
but no mortality occurred (up to 6 weeks). A decrease in total body fat was 
noted. After 4 weeks, stainable fat was present in the liver. A small but definite 
increase in total liver fat occurred at 6 weeks. The guinea pig, like the chick, 
is unable to place the first methyl group on the ethanolamine moiety of choline, 
but betaine plus monomethylaminoethanol was as effective as choline in over- 
coming a deficiency of the latter, 


Introduction 


The dietary choline requirement of the guinea pig has been determined 
by Reid (5, 6). In describing the pathological changes associated with a 
deficiency of this vitamin she noted that only an occasional animal showed 
fatty infiltration of the liver. Reid (6) also investigated a number of com- 
pounds related to choline to determine their ability to serve as substitutes 
for this substance. Casselman and Williams (2) presented histochemical 
evidence of the deposition of fat in the livers of adult guinea pigs fed a diet 
low in choline (but not completely devoid of it). Handler (3), however, 
was unable to produce a fatty liver in choline-deficient guinea pigs. 

This report describes further experiments to determine the effect of choline 
deficiency in guinea pigs. The ability of this species to utilize betaine plus 
the methyl-substituted ethanolamine moieties of choline has also been tested. 


Methods 


Guinea pigs 4 to 6 days of age, ranging in weight from 100 to 140 g., 
were started on the experimental diets. They were divided according to 
weight into uniform groups and housed in individual cages with a coarse 
screen floor. Food and water were supplied ad libitum. The basal diet 
contained the following ingredients per 100 g.: vitamin-free casein 15.0, 
alcohol-extracted peanut meal 10.0, Alpha protein (soya protein, Glidden 

1Manuscript received August 23, 1956. 


Contribution from the Banting and Best Department of Medical Research, University 
of Toronto, Toronto, Ontario. 
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TABLE I 


AVERAGE GAIN AND TOTAL LIVER LIPIDS OF GUINEA PIGS FED A CHOLINE-DEFICIENT 
DIET FOR 6 WEEKS 





Supplementary No. Initial Gain, Liver lipid, Stainable Food consumption, 
choline, % animals weight, g. g. % wet wt. fat g./day 
0 5 266 38 8.0 + 0.47* ++ 23 


0.2 6 252 207 5.6 + 0.46 0 27 


*Mean + standard error. Difference of the means, significant at P = 0.0015. 


Co.) 10.0, cornstarch 10.0, dextrin 10.0, sucrose 13.0, celluflour 15.0, 
corn oil 7.0, ascorbic acid 0.2, vitamin A and D concentrate -(Ayerst, 
McKenna & Harrison, Montreal) 0.01, a@-tocopheryl acetate 0.01, vitamin 
powder* 2.0, and a salt mixturef 8.0. Preliminary experiments established 
that these young guinea pigs require about 30% of protein in the ration. 
The diet described meets these requirements and when supplemented with 
0.2% choline chloride promoted growth of 5.5 to 6.0 g. per day. No 
additional effect was observed when 0.27% methionine was also added to 
the diet. 

At the end of each experiment the guinea pigs were anesthetized with 
ether and exsanguinated. The livers were removed and sections were taken 
for histological examination. Frozen sections of the liver were stained with 
oil red O (8). Total liver lipids were determined by hot alcohol extraction 
followed by rectification with a 3:1 (v/v) mixture of petroleum ether and 
chloroform (1). The body fat was determined by the same procedure on 
the dried carcass of each guinea pig (oven, 80—90°). 

In one experiment, ethanolamine and monomethylaminoethanol, respec- 
tively, were added to the diet at molar concentrations equivalent to 0.2% 
choline chloride. Betaine hydrate was supplied at a molar concentration 
that would just methylate the carbon chain moieties assuming that each 
mole of betaine supplies one labile methyl group. 


Results 


Three experiments were conducted using the basal diet described. In 
the first experiment, guinea pigs which had been reared on the choline- 
supplemented diet for 3 weeks were divided into two equal groups and fed 
the basal diet with and without choline chloride, respectively, for 6 weeks. 
The results of this experiment are shown in Table I. The guinea pigs that 
were transferred to the choline-deficient diet showed a sudden change in 
their rate of growth. They grew poorly throughout the 6-week experimental 


*The vitamin powder contained thiamine HCI 750 mg., riboflavin 750 mg., biotin 30 mg., 
calcium pantothenate 2.0 g., nicotinic acid 5.0 g., pyridoxine HCl 750 mg., menadione 100 
mg., folic acid 150 mg., inositol 50.0 g., p-aminobenzoic acid 10.0 g., and vitamin By: 1.5 
pg., with finely powdered sucrose to make 1000 g. 

One kilogram of the salt mixture contained: CaCO; 110 g., CaHPO, 270 g., K2ZHPO, 130 g., 
KCl 235 g., MgSO,.3.5H2O 100 g., MgO (light powder) 62.5 g., NaCl 70 g., ferric citrate 
14 g., trace-element mixture (7) 5 g. 
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TABLE II 


THE AVERAGE BODY WEIGHT AND LIPID CONTENT OF THE LIVER AND CARCASS OF 
GUINEA PIGS FED A CHOLINE-DEFICIENT DIET FOR VARIOUS PERIODS OF TIME 
Total lipids 


No. days on No. Body Liver, Carcass, 
choline-deficient guinea weight, % wet % dry Stainable 
diet pigs g. wt. wt. fat 

0 6 210 5.7 26.3 0 

3 227 5.0 25.0 0 

14 3 242 5.1 24.0 0 
21 2 238 4.0 13.1 Trace 
28 2 243 4.9 12.4 ++ 





period although the average food consumption was essentially the same in 
both groups. Histologically, there was stainable fat throughout the liver 
lobules of every guinea pig fed the choline-deficient diet. The fat was not 
always distributed uniformly throughout each hepatic lobule, but often 
occurred in larger amounts and in larger droplets in the cells around the central 
veins. The amount of stainable fat in each liver section was greater than 
that observed by Casselman and Williams (2). An actual increase in fat 
(2.4%) was demonstrated by chemical analysis. This increase proved to 
be statistically significant (P = 0.0015). No adipose fat was discernible in 
the choline-deficient guinea pigs at any of the usual sites of fat deposition. 
This is in sharp contrast to rats which show essentially normal deposition 
of body fat whether the diet has been choline-deficient or not. 

In the second experiment 16 guinea pigs were fed the choline-supplemented 
diet for 4 weeks at which time six animals were sacrificed. The remainder 
were transferred to the choline-deficient diet. At weekly intervals, as shown 
in Table II, some of the animals were killed. The liver and carcass of each 
animal was analyzed for total fat, and sections of the liver were examined 
histologically. The first appearance of traces of stainable liver fat and a 
marked drop in carcass fat occurred after 21 days on the choline-deficient 
diet. At 28 days the amount of stainable fat in the liver had increased, but 
no measurable increase could be demonstrated chemically. 

A third experiment was conducted with guinea pigs to determine to what 
extent this species could place methyl groups on the ethanolamine moiety 
of choline. In this experiment young guinea pigs (4-6 days old, 115 + 10g.) 
were fed the experimental diets for 6 weeks. The results summarized in 
Table III show that the guinea pig cannot utilize ethanolamine even when 
fed along with an adequate supply of betaine. On the other hand, the guinea 
pigs fed the monomethylaminoethanol plus betaine grew fully as well as 
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those fed choline. All of the animals fed the diet deficient in choline, and 
without adequate substitute, died between the 4th and 5th week but only 
an occasional one exhibited even traces of stainable hepatic fat. 


Discussion 


It is important to note the difference between the response of guinea pigs 
fed the choline-deficient diet beginning at 4 to 6 days of age and those reared 
for 3 weeks or more on an adequate diet before being fed the choline-deficient 
diet (cf. Tables I and III). A dietary deficiency of choline in the young 
guinea pig (4-6 days of age) resulted in 100% mortality between the 3rd 
and 4th week with deficiency symptoms similar to those described by 
Reid (6) and with only an occasional animal showing traces of stainable 
liver fat. However, guinea pigs which were reared on an adequately supple- 
mented purified diet for 3 to 4 weeks and were then fed a choline-deficient 
diet for 6 weeks did not show any mortality. The livers of these animals 
showed a measurable increase in total liver fat at 6 weeks (Table I). The 
first appearance of stainable liver fat occurred between the 3rd and 4th week. 

Other investigators have not found this increase in fat in the liver of choline- 
deficient guinea pigs. However, Handler’s (3) guinea pigs were sacrificed 
at 3 weeks and showed poor food consumption and Reid’s (6) died between 
the 3rd and 4th week. The results of our experiments suggest that in both 
cases there was insufficient time for the fat to accumulate in the livers of the 
animals. By using animals 3 or 4 weeks older the high mortality observed 
in very young guinea pigs is avoided and liver changes have time to occur. 

The disappearance of adipose fat at about the 3rd week in the choline- 
deficient guinea pig, and the first appearance of stainable liver fat between 
the 3rd and 4th week suggests a disturbance in fat metabolism different 
from that observed in the choline-deficient rat. Stainable liver fat is observed 
in the rat within 24 hours after the feeding of a choline-deficient diet (4) and 
after 3 weeks may be as high as 25 or 30% of the liver while relatively little 
change is observed in the amount of body fat. 

The results of supplementation with betaine plus ethanolamine and with 
betaine plus monomethylaminoethanol demonstrate that the guinea pig 
cannot place the first methyl group on the ethanolamine moiety of choline 
even when betaine is fed in an amount sufficient for complete methylation 
of this compound. In this respect the guinea pig resembles the chick, both 
requiring the partially methylated precursor to form choline. The excellent 
growth response obtained with betaine plus monomethylaminoethanol in 
this experiment or. with methionine plus monomethylaminoethanol in the 
experiments reported by Reid (6) demonstrates the ability of the guinea pig 
to transfer labile methyl groups. 

The inability of the guinea pig to utilize methionine, betaine, or ethanol- 
amine individually as substitutes for choline (6) is probably due to the inability 
of this species to place the first methyl group on the ethanolamine moiety 
of choline. 
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Summary 


A purified diet has been described for guinea pigs (4-6 days of age) that 
promotes growth of 5.5 to 6.0 g. per day. Animals fed the same diet 
without choline died within 3 to 4 weeks but showed only traces of stainable 
fat in the liver. 

Guinea pigs fed the complete diet for 3 to 4 weeks, when transferred to 
the choline-deficient diet suffered retardation in growth but no mortality. 
A decrease in total body fat was noted, and at 4 weeks the liver contained 
stainable fat. A small but significant increase in the total liver fat occurred 
at 6 weeks. 

Choline-deficient guinea pigs were unable to use betaine plus ethanolamine, 
but betaine plus monomethylaminoethanol was as effective as choline. 
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A CHEMICAL PROCEDURE FOR DETERMINATION OF 
THE C¥-DISTRIBUTION IN LABELLED 
pD-FRUCTOSE AND OTHER KETOSES! 


CAROL BRICE AND A. S. PERLIN 


Abstract 


A procedure is described for determining the activity of the individual carbon 
atoms in D-fructose labelled with C", which is suitable for as little as 1 millimole 
of the sugar. The p-fructose is degraded by lead tetraacetate oxidation and the 
product is hydrolyzed to glycolic acid, formic acid, and p-glyceraldehyde. 
Glycolic acid is oxidized to formaldehyde (carbon-1) and carbon dioxide 
(carbon-2), and formic acid to carbon dioxide (carbon-3). D-Glyceraldehyde 
is degraded to carbon dioxide (carbons-4 and -5, combined) and formaldehyde 
(carbon-6); after reduction of a second portion of the pD-glyceraldehyde to 
glycerol, the degradation products obtained are carbon dioxide (carbon-5) and 
formaldehyde (carbons-4 and -6, combined). The activity of carbon-1, -2, -3, 
-5, or -6 is thus determined directly, and of carbon-4 by difference in two 
ways. The procedure should also be applicable to C'*-labelled L-sorbose. Lead 
tetraacetate oxidation of sedoheptulose followed by hydrolysis yields glycolic 
acid, formic acid, and p-erythrose. These three fragments are degraded in 
turn to afford a method for partial determination of the C'*-distribution in 
samples of this important heptulose. 


Previous communications from these laboratories (2, 3) described chemical 
procedures for determining the isotope content of individual carbon atoms 
of D-glucose and D-xylose labelled with C™. These procedures are applicable 
to aldoses generally, but not necessarily to ketoses. A method suitable for 
the assay of C-labelled p-fructose was suggested by the authors’ recent 
observations on the oxidation of D-fructose with lead tetraacetate (7). 
It was found that D-fructose is smoothly degraded by the oxidant to a 
formate-glycolate diester of D-glyceraldehyde. On hydrolysis, the ester 
yields 1 mole each of glycolic acid, formic acid, and D-glyceraldehyde, which 
are derived, respectively, from carbons-1 and -2, carbon-3, and carbons-4, 
-5, and -6. These compounds are readily separable (7) and in turn may be 
degraded so that finally the activity of each carbon atom of the original ketose 
molecule may be estimated individually. 

To test the suitability of this proposed procedure pD-fructose-1,6-C™ was 
used as a model compound. The degradation scheme is outlined in Fig. 1. 
One millimole of the sugar was oxidized in aqueous acetic acid with 2 moles 
of lead tetraacetate and the resulting pD-glyceraldehyde formate—glycolate 
diester was hydrolyzed with dilute acid. The liberated acids were separated 
from the triose on ion-exchange resin and subsequently eluted. Formic 
acid was isolated from the eluate by distillation and was converted to 
carbon dioxide (carbon-3). Crystalline glycolic acid was obtained by ether 
extraction of the still residue and was degraded by oxidation with lead 
tetraacetate — potassium acetate (4, 5) giving carbon dioxide (carbon-2) and 

1Manuscript received July 30, 1956. 

Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Sask. This paper was presented at the Third Western Regional Conference, 


Chemical Institute of Canada, Edmonton, Alta., September, 1956. 
Issued as N.R.C. No. 4151. 
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D-Fructose 
2 Pb(OAc),, 
hydrolysis 
Glycolic acid Pb(OAc), — KOAc Formaldehyde (C-1) 
Carbon dioxide (C-2) 
+ 
Formic acid HgO 
Carbon dioxide (C-3) 
+ 
p-Glyceraldehyde NalO, Carbon dioxide (C-4, C-5) 
Formaldehyde (C-6) 
Pb(OAc), - KOAc 
| NaBH, 
| 
Glycerol Pb(OAc), — KOAc Carbon dioxide (C-5) 





Formaldehyde (C-4, C-6) 


Fic. 1. Degradation scheme for pD-fructose. 


formaldehyde (carbon-1); the latter was converted for counting to the 
dimedon derivative. One half of the sample of D-glyceraldehyde was treated 
with periodic acid giving formic acid, which was converted to carbon dioxide 
(carbons-4 and -5), and formaldehyde (carbon-6). The remainder of the 
isolated D-glyceraldehyde was reduced to glycerol, which was oxidized with 
lead tetraacetate — potassium acetate to give carbon dioxide (carbon-5) and 
formaldehyde (carbons-4 and -6). These two procedures for degrading the 
lower half of the D-fructose molecule, taken together, thus provided data on 
the activity of carbons-4 and -5 (combined), carbon-5, carbon-6, and carbons-4 
and -6 (combined). Determination of the activity of carbon-4 was therefore 
possible by difference in two ways. 

The over-all results (Table I) show that the recovery of activity was high 
and that no significant contamination of inactive carbon atoms by C"™ 
occurred. Moreover, since all degradation products were isolated in good 
yield, the procedure appears suited to quantities of D-fructose of as little as 
1 millimole. This possibility is dependent, naturally, on the requirement 
that specific activities are sufficiently great for accurate determination. 

It is theoretically possible to assay the activity of carbons-4, -5, and -6 
more directly than described above, by converting the D-glyceraldehyde to 
D-glyceric acid. The latter may then be degraded to carbon dioxide (carbon-4), 
formic acid (carbon-5), and formaldehyde (carbon-6) by periodate oxidation 
(2, 8). In practice, however, the results were less satisfactory than those 
given by the method already considered: the yield of D-glyceric acid obtained 
by bromine oxidation of D-glyceraldehyde was low (55%), contamination with 
active carbon was found in carbons-4 and -5 to an extent of 0.6% and 1.5%, 
respectively, and the activity of carbon-6 was low by 14%. 
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TABLE I 


SPECIFIC ACTIVITY OF THE VARIOUS CARBON 
ATOMS IN D-FRUCTOSE-1,6-C™ 








Degradation products 





Specific activity, 





Primary Final Yield* myuc./mM, (% 
Glycolic acid Formaldehyde (C-1) 0.63 173.0(47.4) 
Carbon dioxide (C-2) 0.62 0.3(0.1) 
Formic acid Carbon dioxide (C-3) 0.69 0.8(0.2) 
Glyceraldehyde Carbon dioxide (C-4, C-5) 0.65 Nil — 
Formaldehyde (C-6) 0.72 178.5(48.9) — 
Glycerol Carbon dioxide (C-5) 0.80 = 0.4(0.1 


. ) 
185 .2+(50.6) 
Total 352.6(96.6) 359.7(98.4) 


Formaldehyde (C-4, C-6) 0.84 





*Millimoles from 1 mM. p-fructose-1,6-C™ (specific activity 364.8 myuc./mM.). 
tThis value is 2 X actual specific activity. 


The oxidation of L-sorbose with lead tetraacetate differs from that of 
D-fructose only in that L-glyceraldehyde, rather than the D-isomer, is 
produced (7). Hence the scheme described above should be equally suitable 
for this ketose. By analogy with the degradation of ketohexoses, lead 
tetraacetate oxidation would be expected also to furnish a partial degradation 
method for sedoheptulose, which yields glycolic and formic acids and 
p-erythrose. The acids may be degraded as noted above, permitting the 
isolation of carbons-1, -2, and -3 of sedoheptulose. D-Erythrose is readily 
converted in 65% yield by bromine oxidation to crystalline D-erythronolactone 
(6), which, in turn, may be oxidized by periodate (8) to yield carbon dioxide 
(carbon-4), formic acid (carbons-5 and -6), and formaldehyde (carbon-7). 
Sedoheptulose suitably labelled with C' was not available to us for testing 
the proposed assay method. The degradation of inactive sedoheptulose by 
lead tetraacetate is described, therefore, for its possible interest to 
investigators more immediately concerned with C"-labelled samples of this 
sugar. 

Experimental 
Methods and Apparatus 


Determinations of carbon-14 were carried out with the apparatus and 
techniques described previously (2). 

Oxidations with lead tetraacetate — potassium acetate were carried out in 
a 150 ml. reaction flask fitted with an inlet and an outlet tube which were 
connected through flexible rubber tubing to a carbon dioxide-free nitrogen 
source and an ice-salt trap, respectively. The inlet and outlet tubes were 
closed off during the oxidation period after which the flask was shaken 
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vigorously (manually or mechanically) while nitrogen was passed through 
the solution and the cold trap to an absorption tower containing sodium 
hydroxide solution. For quantitative displacement of carbon dioxide from the 
aqueous acetic acid it was necessary to shake the reaction mixture: vigorous 
stirring was inadequate. 

Solutions were concentrated in vacuo at 40° C. 


D-Fructose-1,6-C™ 


p-Mannitol-1,6-C'™ (3.9 g.) dissolved in 100 ml. of medium containing 
0.5% tryptone and 10% liver extract was fermented by Acetobacter suboxydans 
PRL G, under aerobic conditions at 30° C. for 48 hours.* The cells were 
centrifuged off, the supernatant liquor was shaken with a mixed-bed resin 
and filtered, and the filtrate was treated with charcoal and concentrated to 
dryness. Crystalline D-fructose-1,6-C'* was obtained from the resulting 
sirup by extraction into hot ethanol; melting point 102—105° C. 


Lead Tetraacetate Oxidation of D-Fructose-1,6-C' 


p-Fructose-1,6-C™ (0.180 g., 1.0 mM.) dissolved in 0.36 ml. of water 
was taken up in 18 ml. of acetic acid. Lead tetraacetatet (0.930 g., 2.1 mM.) 
was added to the rapidly stirred solution. After 30 minutes’ reaction time, 
anhydrous oxalic acid (0.160 g.) dissolved in acetic acid was added, and the 
suspension was stirred for an additional 15 minutes. The precipitate was 
filtered off and washed on the filter with acetic acid and the filtrate was 
concentrated yielding a crude sirup of D-glyceraldehyde formate—glycolate (7). 


Separation of D-Glyceraldehyde (C-4, C-5, C-6) from Glycolic and Formic Acids 
(C-1, C-2, C-3) 

The sirupy mixed ester was dissolved in 0.05 N sulphuric acid (6.0 ml.) and 
stored at 50° C. for 16 hours. (The faint precipitate of lead sulphate was not 
separated off.) Dowex-1 resin (200-400 mesh; bicarbonate form) was added 
slowly to the hydrolyzate with stirring until the hydrogen-ion concentration 
was pH 5-6 (about 2.5 g. of dry resin was required), and the resin was 
filtered off and washed several times with water. An aldose estimation (10) 
carried out with an aliquot of the combined filtrates indicated that 86.0 mg. 
of D-glyceraldehyde was recovered (95% yield). 


Isolation of Glycolic Acid (C-1, C-2) and Formic Acid (C-3) 

The resin, containing the glycolic and formic acids, was stirred with 15 ml. 
of N sulphuric acid for 1 hour, then it was filtered off and washed well with 
water. The combined filtrates were neutralized with sodium hydroxide, 
concentrated to a volume of about 10 ml., and acidified with N sulphuric acid. 
Formic acid was distilled im vacuo and was collected in a dry ice — alcohol 
trap: the solution was concentrated to a volume of a few milliliters, water 


*This fermentation was kindly carried out by Dr. A. C. Blackwood. 

tColorless lead tetraacetate usually dissolved within 5-10 minutes’ reaction time. If the 
lead tetraacetate is dark it should be taken up in a minimum quantity of acetic acid and 
filtered, and the required volume of solution added (as determined by titration). 
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(10 ml.) was added, and the distillation was continued, the procedure being 
repeated three times. The distillate was neutralized and concentrated to a 
volume of 5 ml. 

The residue from the distillation of the formic acid was carefully evaporated 
to apparent dryness, prolonged drying being avoided to minimize possible 
entrainment of the glycolic acid. The glycolic acid was then extracted from 
the sodium sulphate cake by extraction four times with ether. 


Determination of the C™ in C-3 

The solution of sodium formate was transferred to the reaction flask of 
the gas train, 15 ml. of acetic acid was added, and the solution was saturated 
with nitrogen gas (with vigorous shaking). A solution of lead tetraacetate 
(1.0 g.) and potassium acetate (1.0 g.) in acetic acid (30 ml.), also saturated 
with nitrogen gas, was pipetted into the reaction flask. After 20 minutes’ 
reaction time, carbon dioxide was collected over a period of 30 minutes. The 
carbonate solution was assayed for C'. During the distillation of formic acid 
it is possible that a small quantity of glycolic acid may also be carried over. 
For this reason, oxidation of the formic acid with mercuric oxide (1) rather 
than lead tetraacetate is to be recommended, since the former reagent was 
found not to attack glycolic acid. 


Determination of the C™ in C-1 and C-2 


The glycolic acid was oxidized with lead tetraacetate — potassium acetate 
as described above for formic acid, with the exception that the reaction period 
without aspiration was increased to 5 hours (3). After the carbon dioxide 
had been swept into the sodium hydroxide tower the resulting carbonate 
solution was assayed for C". 

Excess lead tetraacetate was reduced and divalent lead was simultaneously 
precipitated by addition, with stirring, of 0.35 g. of anhydrous oxalic acid 
dissolved in acetic acid. The condensate in the cold trap was washed into 
the suspension, three volumes of water were added, and the precipitate was 
filtered off. Dimedon (0.70 g.), dissolved in acetic acid (15 ml.), was added 
to the filtrate and concentrated sodium hydroxide was added to adjust the 
pH to 5-6. Crystallization of the formaldehyde dimedon soon began and 
was completed at 3° C. for 18 hours. The derivative was filtered off, washed 
with water, and dried in vacuo; melting point, 190-190.5°C. The sample 
was combusted by means of Van Slyke solution (9) and the carbon dioxide 
produced was assayed for its content of C™. 


Determination of the C' in C-4 and C-5 (Combined) and C-6 

To an aliquot of the p-glyceraldehyde solution (8.0 ml., 68.8 mg.) powdered 
sodium metaperiodate (410 mg.) was added with stirring. After 30 minutes’ 
reaction time, lead acetate trihydrate (500 mg.) in acetic acid (10 ml.) was 
added, and the mixed precipitates of lead periodate and iodate were 
centrifuged down and washed three times in the centrifuge with acetic acid 
(5 ml.). The combined supernatant solutions were transferred to the reaction 
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flask, and the formic acid was oxidized with a solution of lead tetraacetate 
(1.5 g.) and potassium acetate (1.5 g.) in acetic acid (45 ml.) under the 
conditions described above. The carbonate solution obtained was assayed 
for C. Formaldehyde was isolated as the dimedon derivative (m.p. 
188-189° C.) after oxidation of the formic acid, as described above, and it was 
assayed for C'* by wet combustion to carbon dioxide, as noted above. 


Determination of the C'* in C-4 and C-6 (Combined) and C-5 

A solution of D-glyceraldehyde (5 ml., 45.0 mg.) was added to a vigorously 
stirred solution of sodium borohydride (2 ml., 45 mg.). After 1 hour reaction 
time excess borohydride was destroyed with acetic acid and the solution was 
transferred to the reaction flask with 10 ml. of acetic acid. The glycerol was 
oxidized for 40 minutes with lead tetraacetate (1.5 g.) and potassium acetate 
(1.5 g.) in acetic acid (50 ml.) under the conditions described above, the formic 
acid produced being converted to carbon dioxide which was collected in the 
sodium hydroxide tower and assayed for C™. 

Following the lead tetraacetate oxidation, formaldehyde was recovered as 
the dimedon derivative (m.p. 187—190° C.) by the procedure described above, 
and was assayed for C'* by wet combustion to carbon dioxide. 


Determination of the C'' in C-4, C-5, and C-6 by Oxidation of Glyceric Acid 

Bromine (0.2 ml.) was added to a solution of D-glyceraldehyde (90 mg. in 
100 ml. water) and the reaction mixture was stirred for 2 hours and then set 
aside for 18 hours. Excess bromine was removed by aeration, bromide ion was 
precipitated out with silver carbonate and silver ion with amberlite IR-120 
resin. The solution of glyceric acid was concentrated in vacuo almost to 
dryness and the sirup was dissolved in 10 ml. of sodium phosphate buffer 
(pH 8.0) and transferred to the reaction flask. Sodium metaperiodate 
(500 mg.) in water (10 ml.) was added and the oxidation was allowed to 
proceed for 1 hour, the solution was acidified with acetic acid and the carbon 
dioxide released was collected. Periodate, iodate, and phosphate ions were 
precipitated out by addition of lead acetate in acetic acid and the formic 
acid was oxidized to carbon dioxide with lead tetraacetate — potassium acetate 
as described above. After collection of the carbon dioxide, the reaction 
mixture was worked up as described above to yield formaldehyde dimedon 
(m.p. 187—189° C.). 


Lead Tetraacetate Oxidation of Sedoheptulose 


Sedoheptulose sirup (0.42 g., 2 mM.) dissolved in water (0.4 ml.) was 
taken up in acetic acid (40 ml.). Lead tetraacetate (1.86 g., 4.2 mM.) was 
added to the rapidly stirred solution. After 30 minutes’ reaction time, a 
10% solution of anhydrous oxalic acid in acetic acid (3.6 ml.) was added and 
the suspension was stirred for an additional 15 minutes. The precipitate 
was filtered off and washed with acetic acid and the filtrate was concentrated, 
yielding sirupy D-erythrose formate—glycolate. 
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The crude sirup containing the mixed ester was taken up in 0.1 N sulphuric 
acid (20 ml.) and stored at 50°C. for 26 hours. The hydrolyzate was 
neutralized with Dowex-1 resin (200-400 mesh; bicarbonate form) and the 
D-erythrose was recovered by the procedure described above for isolation of 
p-glyceraldehyde. An aldose estimation indicated the presence of 192.5 
mg. of pD-erythrose (80% yield); the product was chromatographically 
pure and was characterized as D-erythrose through formation of a 
2,5-dichlorophenylhydrazone, melting point and mixed melting point 
108-110° C. (6). 

Formic and glycolic acids were eluted from the resin and subsequently 
separated by the procedure described above. The yield of formic acid, as 
determined by lead tetraacetate oxidation, was 56.7 mg. (62%). The glycolic 
acid, 114 mg. (75%), was characterized as the p-bromophenacy] ester, melting 
point and mixed melting point 137-139° C. 


Acknowledgment 


The authors thank Dr. A. C. Neish and Mr. John Dyck for carrying out 
measurements of radioactivity. The assistance of Dr. A. C. Blackwood, who 
carried out the fermentations with Acetobacter suboxydans, is gratefully 
acknowledged. 


References 


1. AUERBACH, F. and Zeciin, H. Z. physik. Chem. 103, 161 (1923). 


. Booturoyp, B., Brown, S. A., THorN, J. A., and Neisu, A. C. Can. J. Biochem. 
Physiol. 33, 62 (1955). 


. Brown, S. A. Can. J. Biochem. Physiol. 33, 368 (1955). 

. CRIEGEE, R. and Bicuner, E. Ber. 73, 563 (1940). 

. Pertin, A.S. J. Am. Chem. Soc. 76, 5505 (1954). 

. Perutn, A. S. and Brice, C. Can. J. Chem. 33, 1216 (1955). 

. Perutn, A. S. and Brice, C. Can. J. Chem. 34, 541 (1956). 

. Sprinson, D. B. and CHarGarr, E. J. Biol. Chem. 164, 433 (1946). 
. VAN StyKE, D. D. and Fotcn, J. J. Biol. Chem. 136, 509 (1940). 

. WILLSTATTER, R. and ScHupDEL, G. Ber. 51, 780 (1918). 


nN 


coOoOMmONAM Sw 


— 











15 


EFFECT OF ALLOXAN, INSULIN, AND THYROXINE ON 
CHOLESTEROL AND FATTY ACID SYNTHESIS BY 
RAT LIVER HOMOGENATES! 


J. F. Scarre? anp B. B. Micicovsky 


Abstract 


The in vitro effect of alloxan and insulin on the synthesis of cholesterol and fatty 
acids from 1-C'-sodium acetate by rat liver homogenates has been examined. 
Alloxan caused a reduction in the incorporation of acetate into cholesterol, fatty 
acids, and C“O,, but an increase in the oxygen consumption and carbon dioxide 
production. The addition of insulin to homogenates caused a reduction in 
cholesterol synthesis but an increase in fatty acid synthesis both for normal and 
diabetic animals. Homogenates from thyrotoxic rats exhibited a marked 
reduction in cholesterol synthesis when compared with normal animals. CO, 
production by homogenates from starved rats was appreciably lower than for 
those from normal animals. With this exception no appreciable difference 
was found in the oxygen uptake, carbon dioxide, or CO, production in 
homogenates from normal, starved, thyroxine-treated, or diabetic animals. 
Synthesized cholesterol was found to be located principally in the particulate 
matter of the homogenates after they had been incubated with 1-C'*-sodium 
acetate. Homogenates from starved rats showed no greater tendency to degrade 
preformed cholesterol during incubation than did those from normal rats. 


Introduction 


The synthesis of cholesterol and fatty acids from labelled acetate by rat 
liver homogenates was first demonstrated by Bucher (5). The inhibitory 
nature of such homogenates prepared from starved animals has been shown 
by Migicovsky (20) and Migicovsky and Wood (21). Liver tissue slices 
from alloxan-diabetic rats have been reported to show an unimpaired (4) 
or increased capacity for cholesterol synthesis from acetate (12, 13), and a 
marked reduction in lipogenesis from the same substrate (2, 4, 7, 8, 13). 
Prior treatment of diabetic animals with insulin overcomes the reduced 
lipogenic activity of the liver slices prepared from such animals (2, 6, 8, 22) 
and returns to normal the increased cholesterogenesis (12). 

Although insulin has been demonstrated to produce an accelerating effect 
upon fatty acid formation from labelled acetate when added directly to 
normal rat liver slices in vitro (3, 4, 19), and on the perfused rat liver (1), 
no such effect has been found with liver slices prepared from diabetic animals 
(4). A direct effect of insulin upon the isolated perfused diabetic liver has, 
however, been reported (10). 

Using as criteria the total carbon dioxide and C“O2 produced from labelled 
acetate by liver slices, comparisons of preparations from diabetic and starved 
rats with normal animals have revealed no significant differences (7, 8, 12, 
14, 17, 19). 

The level of plasma and liver cholesterol has been found to be inversely 
proportional to the level of thyroid activity or thyroxine administration 
(11, 16, 25). 


1Manuscript received August 21, 1956. 


Contribution No. 325, Chemistry Division, Science Service, Canada Department of Agri- 
culture, Ottawa, Ontario. 
2National Research Council of Canada Postdoctorate Fellow, 1956. 
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The present work reports the effects observed upon cholesterol and fatty 
acid synthesis from 1-C'-sodium acetate by rat liver homogenates, when 
the animals are treated with thyroxine, or when alloxan and insulin are added 
directly to the homogenates. A comparison of the oxygen uptake, carbon 
dioxide, and C™“O, production by homogenates from normal, starved, and 
diabetic rats has also been made. 

Where observations were made of treatment effects on homogenates, a 
single homogenate preparation was used for the variable studied. This 
type of experiment (e.g. Table I and Fig. 1) was always carried out with at 
least three separate preparations and all incubations were done in duplicate. 
A representative experiment is presented in the table. Although the absolute 
values for a given treatment on different preparations varied considerably, 
the effect of the treatment was always as represented by the data reported 
in the table or figure. When the treatment effect was not entirely consistent 
in all the experiments, all the data are presented in the table (e.g. Table II). 

Where treatment of the animal prior to homogenate preparation was a 
variable, replication followed by statistical analysis was carried out. 

Hereafter, in this paper, liver homogenates prepared from normal, starved, 
diabetic, or thyrotoxic rats will be referred to as “normal”, ‘‘starved’’, 
“‘diabetic”’, or ‘“‘thyrotoxic’’ homogenates. 


Methods and Materials 


The techniques for the preparation of liver homogenates, incubation, and 
measurement of acetate incorporation into cholesterol have already been 
described (21). 

After the removal of cholesterol from the alcoholic saponified digest, the 
solution was acidified and fatty acids extracted in a like manner using 2 mg. 
of palmitic acid as a carrier and plated on glass. 

The conditions and concentrations for incubations carried out in the 
Warburg apparatus were identical with those used for the cholesterol and 
fatty acid experiments. The side arm contained the DPN, ATP, and 
1-C'-sodium acetate together with any other substance added. The CO, 
was collected in 10% KOH in the normal manner and the volume made up 
to5ml. Activity was determined on 0.2 ml. of this solution spotted and dried 
on aluminum disks. 

Rats were the same as those previously described (20). Diabetes was 
produced by the intraperitoneal injection of alloxan (150 mg./kilogram body 
weight) and was considered established when blood glucose values (15) were 
greater than 300 mg. per 100 ml. The animals were not used for experiment 
for a period of at least 3 weeks after alloxan injection. Starvation was for a 
period of 24 to 48 hours. 

Thyroxine was fed in the diet at levels as high as 0.018% and a thyrotoxic 
condition was considered established when weight gains were minimal when 
compared to a control group. 

The insulin used was the pure crystalline material with an activity of 
22 units per mg. 
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Results 


The addition of alloxan in vitro to ‘‘normal’”’ homogenates reduced the 
incorporation of acetate into both cholesterol and fatty acids as shown in 
Figs. 1 and 2. Examination by Warburg technique showed that the formation 
of COs, illustrated in Fig. 3, was also inhibited, but that the oxygen uptake 
and total carbon dioxide production as shown in Table I were both promoted. 


FIGURE | 





CHOLESTEROL (yi ACETATE INCORPORATED « 10°) 









































i + 4 ‘ 4 
4) a2 03 ry] ts 
ALLOXAN mg 
FIGURE 2 
u 
FIGURE 3 
= q 
9 o3 
6 
2 ins 
: S 
= 1.00 Z 
z . 
: : 
§ Boj 
2 e 
KI = 
8 
2 3 
° 
a 
7 - ‘ 7 s + ‘ + 
oo ry) 02 03 os os 00 ry a2 03 4 os 


ALLOXAN mg ALLOXAN me 











18 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 35, 1957 


TABLE I 


EFFECT OF ALLOXAN ON HOMOGENATES 
1.5 ml. homogenate, total vol. 2.4 ml. 








Alloxan (mg.) 











0.0 0.1 0.2 0.3 0.4 0.5 
Oxygen uptake 
(yl./min.) 4.73 S.27 6.90 14.0 16.8 18.0 
Carbon dioxide 
(pl./min.) 3.1 3.1 5.3 6.6 70 7.8 
TABLE II 


EFFECT OF INSULIN ON CHOLESTEROL AND FATTY ACID SYNTHESIS 


1.5 ml. homogenate, total vol. 2.4 ml. 
(uM. acetate incorporated X 10*) 














Expt. No. (normal homogenates) Expt. No. (diabetic homogenates) 

Insulin, 

units 19 32 33 44 19 32 42 
Cholesterol 

0 20.2 49.2 22.4 48.1 2.3 15.0 50.7 

5 — 47.5 — 45.6 ra 14.2 — 

10 — 40.8 5.8 41.2 2.4 6.0 — 

20 16.4 24.8 5.4 9.5 0.9 2.3 42.7 
Fatty acids 

0 1.2 — 1.0 2.6 0.4 — 0.7 

5 — — — 2.9 1.3 a _- 

10 _- — 3.2 3.5 23 — — 

20 4.8 — 4.2 5.0 4.5 -- 0.9 





The addition of insulin to “normal’’ homogenates resulted in a reduced 
incorporation of acetate into cholesterol but a corresponding increase in the 
incorporation into fatty acids. This effect was manifested in both ‘‘normal’’ 
and ‘‘diabetic’’ homogenates as demonstrated in Table II. It is emphasized 
that normal commercial samples of insulin do not give these results, probably 
owing to their content of inhibitory phenolic preservatives. 


The almost total absence of cholesterol synthesis from acetate by “‘starved”’ 
homogenates has already been mentioned (21). The reduced lipogenesis 
from the same source has also been reported (14, 17, 19). Using homogenates 
prepared from diabetic rats on a normal diet, a tendency for reduced fatty 
acid synthesis has been found. Unfortunately natural variations from 
animal to animal over a period of time prevented any conclusions being made 
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TABLE III 


COMPARISON OF ‘“‘NORMAL”, “‘DIABETIC’’, AND “STARVED” HOMOGENATES 

















CHO, 
Fatty acids Oxygen (uM. acetate Carbon dioxide 
(uM. acetate X 10°) (ul. /min.) per min. X 10°) (ul./min.) 
Normal 1.05 + 0.16 4.32 + 0.23 1.14 + 0.08 3.86 + 0.22 
Diabetic 0.49 + 0.08 4.49 + 0.17 0.99 + 0.06 3.52 + 0.17 
Starved 0.22 + 0.02 5.08 + 0.40 0.45 + 0.05 4.15 + 0.35 
Mean values + standard error of the mean. 
TABLE IV 
EFFECT OF GLUCOSE FEEDING ON STARVED RATS 
CO, Cholesterol 
(uM. acetate/min. * 10°) (uM. acetate incorp. X 10°) 
Ss 0.45 + 0.05 Nil 
Gt 0.99 + 0.10 “ t3 
G+ St 1.56 + 0.15 < 0.8 





*Rats starved 48 hours. 
tRats starved 24 hours, glucose ad libitum next 24 hours. 
$1.5 ml. G homogenate + 0.5 ml. S homogenate. 


on the effect of diabetes on cholesterol synthesis. Unlike ‘starved’? homo- 
genates, however, no inhibition of synthesis was caused by the addition 
of such preparations to ‘‘normal’’ homogenates. The addition of 0.5 ml. 
of a “‘starved’’ homogenate to 1.5 ml. of a “‘normal’’ homogenate caused an 
inhibition of approximately 50% in the synthesis of cholesterol. A corre- 
sponding reduction in fatty acid synthesis has been found, but under identical 
conditions the reduction is less than for cholesterol synthesis, amounting to 
only 35%. 

Examination of ‘‘normal’’, “starved’’, and ‘“‘diabetic’’ homogenates, for 
oxygen consumption and carbon dioxide and C™“O, production showed no 
appreciable differences, with the exception of CO, production from “‘starved’”’ 
homogenates. The incorporation of acetate into CO, was invariably lower 
for ‘‘starved”’ than for ‘‘normal’”’ homogenates. These results are demonstrated 
in Table III. When starved rats were fed glucose for a period as short as 
24 hours, homogenates exhibited normal values for the rate of CO. production 
but practically no effect was noticed however on the cholesterol synthesizing 
capacities of such homogenates. Addition of ‘‘starved’’ homogenate to a 
homogenate from a glucose-treated animal caused a further increase in the 
rate of C“O, production. These results are shown in Table IV. 
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TABLE V 


EFFECT OF OXALACETIC ACID ON CHOLESTEROL AND CQ, PRODUCTION 
1.5 ml. homogenate, total vol. 2.1 ml. 














Oxalacetic (uM.) 0.0 2 5 10 

CO, (uM. acetate/min. x 10°) ‘a 1.6 2.0 3.4 

Cholesterol (uM. acetate incorp. X 10°) 49.6 49.2 41.1 29.4 
TABLE VI 


EFFECT OF THYROID ACTIVITY ON CHOLESTEROL SYNTHESIS 
1.5 ml. homogenate, total vol. 2.4 ml. 








1.5 ml. “‘Normal”’ + 
Cholesterol “Normal” “Thyroid” “Thiouracil” 0.5 ml. “Thyroid” 





(uM. acetate 
incorp. X 10°) 36.8 + 4.9 70216 63.3 + 6.7 66.2 + 10.7 





In the experiments in which ‘‘starved’’ homogenate was added to ‘‘normal”’ 
homogenates no reduction in C“O, production occurred and in fact a tendency 
for increased incorporation of acetate to carbon dioxide was likewise noted. 
The effect of adding oxalacetic acid to “‘normal’’ homogenates is demonstrated 
in Table V. 

Comparison of normal and thyrotoxic rats showed that after a period of 
treatment as short as 2 weeks cholesterol synthesis by the liver homogenates 
of the treated animals was considerably less than the values of the normal 
controls. Such homogenates, however, showed no inhibitory properties 
towards ‘‘normal’’ homogenates and the reduced synthetic properties were 
found to be associated with the particles; the supernate supported full 
synthetic activity when combined with normal particles. These results are 
set out in Table VI. The direct addition of L-thyroxine in quantities up 
to 1 mg. to liver homogenates had no effect upon cholesterol synthesis. 
Comparison of homogenates from normal and treated animals revealed no 
significant difference in oxygen uptake or carbon dioxide or C“O: production. 

Feeding rats thiouracil (0.3% of the diet for 14 days) elicited a large 
increase in the size of the thyroid gland, but no appreciable increase in the 
cholesterol synthesizing capacities of their liver homogenates (Table VI). 

Although ‘“‘starved’’ homogenates fail to form any appreciable quantity 
of cholesterol from labelled acetate, the possibility existed that degradation 
might be removing the product as fast as it was formed. Attempts to trap 
any labelled cholesterol by the addition of a cholesterol suspension to an 
incubated “starved’’ homogenate were unsuccessful. Examination of a 
“normal” incubated homogenate revealed, however, that the synthesized 
cholesterol was located almost completely in the particulate fraction, so that 
the above trapping procedure would be ineffective (Table VII). ‘Starved’ 
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TABLE VII 
DISTRIBUTION OF C-CHOLESTEROL IN INCUBATED HOMOGENATES 
(uM. acetate incorp. x 10*) 











Time Normal Normal 
(min.) complete homogenate particles 
150 26.1 24.8 





TABLE VIII 


STABILITY OF PREFORMED RADIOACTIVE CHOLESTEROL IN INCUBATED 
HOMOGENATES FROM NORMAL AND STARVED RATS 








Cholesterol (uM. acetate incorp. X 10%) 








Time 
(min. ) Normal Starved 

0 0.43 0.44 0.67 0.95 
150 0.34 0.40 0.57 0.75 





Homogenates were incubated in the absence of added acetate. 


homogenates containing labelled cholesterol were prepared by the intravenous 
injection of 1 mg. of labelled acetate (0.13 mc.) to a normal rat and starving 
the animal for 24 hours. Comparison of such homogenates (Table VIII), 
with those from non-starved rats similarly treated, revealed no significant 
difference in the loss of activity over a period of 150 minutes’ incubation in 
the absence of added acetate. Similar findings have been reported for the 
degradation of cholesterol suspensions (21). 

To test ‘‘normal’’ homogenates for the presence of a non-labile inhibitor, 
soneration at 10 kc. per second for 5 minutes was used and the solution so 
obtained cleared of particle debris by centrifugation for 30 minutes at 140,000 g. 
Such clear solutions exhibited marked inhibition of cholesterol synthesis when 
added to a ‘‘normal”’ homogenate. ‘Starved”’ homogenates similarly treated 
likewise retained their inhibitory properties. Such sonerated homogenates 
showed a greatly reduced C™“O, production and practically no respiratory 
activity especially after centrifugation. It is hence possible that their 
inhibitory properties may be of a form different from those of unaltered 
“starved’”’ homogenates. 


Discussion 


The inhibition of cholesterogenesis and lipogenesis by alloxan indicates 
a block in the utilization of acetate by liver homogenates. The increased 
oxygen uptake combined with the reduced formation of C“O, suggests the 
accumulation of an intermediary in synthesis, but whether this occurs before 
or after acetate utilization has not yet been determined. 
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The effects produced by insulin on acetate incorporation into fatty acids 
are of interest in view of the studies made on isolated livers (1, 10). The 
concomitant reduction in cholesterol synthesis produced by insulin may well 
be an indication of the dependence of the route of the C2 unit on carbohydrate 
metabolism. 

With the exception of C“O, production by “starved’’ homogenates the 
similarity of the respiratory functions of ‘‘normal’’, “starved’’, and “‘diabetic”’ 
homogenates corroborates the results found for tissue slices by other workers 
(7, 8, 12, 14, 17, 19). The inability of starved homogenates to synthesize 
cholesterol is reflected in a marked reduction of the activity of the Kreb’s 
cycle in such homogenates. However, experiments have shown that the 
inhibitory mechanism to be found in such homogenates is not located in 
the Kreb’s cycle. When “starved’’ homogenate is added to a “normal” 
homogenate, cholesterol synthesis is reduced but C™“O, production is, if 
anything, increased. Moreover the oral administration of glucose to starved 
rats for as short a period as 24 hours markedly stimulates the production 
of CO, from acetate but has only a small effect upon the cholesterol 
synthesizing capacities of the homogenate. Also, if oxalacetic acid is added 
to a ‘“‘normal’’ homogenate in increasing quantities (up to 10 uwM.), a rapid 
increase in the amount of CO, production is noted, while the incorporation 
of acetate into cholesterol is reduced. Hence, although the functioning of 
the Kreb’s cycle is apparently essential to cholesterol synthesis from acetate, 
it does not appear to be an integral pathway in the synthetic mechanism. 

The reduced cholesterol synthesis exhibited by homogenates from thyroxine- 
treated animals is in accordance with the clinical observations for hyperthy- 
roidism or thyroxine administration (11, 16, 25). Thyroxine has been found 
to affect various enzymes both directly and when administered in vivo (9, 18, 
23, 24); principal among these is succinic dehydrogenase. 

The localization of synthesized cholesterol in or on the particles of liver 
homogenates is interesting in view of the demonstrated necessity of both 
particles and supernate for synthesis from acetate, and of the degradation 
that occurs on prolonged incubation especially under certain conditions (21). 

The absence of a rapid degradation of labelled cholesterol by ‘‘starved”’ 
particles negates any possibility that they could be utilizing acetate-synthesized 
cholesterol for other purposes to any appreciable extent. 
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PREFEEDING OF HIGH FAT DIET 
AND RESISTANCE OF RATS TO INTENSE COLD' 


J. LEBLANC? 


Abstract 


Three groups of 16 albino rats were fed for 45 days, group I, a normal diet of 
pellets containing 3.5% fat; group II, a diet containing 17% fat in the form of 
oil; and group III, a diet containing 17% fat in the form of lard. On exposure to 
cold, the drop of rectal temperature in group I was faster and more pronounced 
than in group II or group III. It was shown that the larger amount of fat 
accumulated in the animals fed a high fat diet could not explain, either as a 
source of energy reserves or as an insulator, the superiority of these diets in 
maintaining the rectal temperatures at higher levels in the cold. It is postulated 
that prefeeding of a high fat diet induces changes in the organism which permit 
higher sustained rates of heat production in the cold. 


Introduction 


Dugal et al. (4) have shown that animals on a high fat diet survived longer 
in the cold than animals on a low fat diet. Pagé et al. (8) using a cold of 
less stressing intensity have observed that rats on a high fat diet thrived 
more, at room temperature or in the cold, than those fed on a low fat diet. 
The present experiment was designed to find out if prefeeding high fat diets, 
containing different concentrations of unsaturated fatty acids, would affect 
resistance to cold, as estimated by changes in rectal temperature. 


Experimental Design 


Three groups of 16 albino rats were used. To group I was fed a control 
diet of pellets containing 3.5% fat, and to groups II and III a diet containing 
17% fat. The fat was fed in the form of oil in group II and of lard in group 
III. A more complete description of these diets will be reported (7). The 
initial weight of the rats was 223 g. for all three groups. After they had been 
on their respective diets for 45 days, the animals were depilated in the following 
manner. The hair remover was composed of equal portions of barium 
sulphide, cornstarch, talcum powder, and castile soap, to which enough water 
was added to make a thin paste. After the mucous membrane had been 
covered with grease, the rats were immersed to the neck in the hair-removing 
solution and maintained there for 3 minutes. Afterwards the hide was rubbed 
to ensure that all the hair was removed. The animals were then washed 
thoroughly. No skin damage was inflicted by this procedure. Three days 
after the hair had been removed, Experiment A was performed in which the 
animals were kept in a room at 8 + 2° C. with an air movement of 8 m.p.h. 
until the rectal temperature, which was taken every hour, had dropped to 
32° C. All animals were removed from the cold room after 6 hours. In 
Experiment B the animals were kept for 6 hours in a room maintained at 
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10 + 2° C. The rectal temperature was recorded at the beginning and at 
the end of the experiment. In both experiments the animals had been 
fasted for 24 hours prior to the cold exposure. The rectal temperature was 
measured with a thermocouple inserted at a distance of 60 mm. Experiment B 
was performed 9 days after the hair was removed as compared to 3 days in 
Experiment A. 


Results 

Experiment A 

Table I shows the superiority of high fat diet in preventing the drop of 
the deep body temperature in the cold. The absence of difference between 
the two high fat groups indicates that the degree of hydrogenation of the fatty 
acids and the quantity of essential fatty acids (in the range used) are not at 
play in preventing the drop in rectal temperature, at least under the conditions 
of this experiment. 


Experiment B 
This experiment also indicates (Table II) that high fat diets prevent the 


drop in rectal temperature in the cold. As shown in Table III a highly 
significant difference still exists among the groups for the drop in rectal 


TABLE I 


EFFECT OF DIET COMPOSITION ON RATE OF DROP OF RECTAL TEMPERATURE (TR) IN THE 
COLD (EXPERIMENT A) 























Time for Time for 
Tr to Drop in Tr to 
Groups reach Trin P drop P 
oer hn “<<. ig oe 
(in hr.) (in hr.) 
Control ce | 3.8 0.34 
+ 1.8° + 6.47 
High fat (oil) 4.1 2.4 0.01 0.82 0.02 
+ 2.3 + 0.53 
High fat (lard) 3.9 2.3 0.01 0.82 0.01 
+ 2.0 + 0.65 
*Standard deviation. 
TABLE II 
EFFECT OF DIET COMPOSITION ON CHANGES IN RECTAL 
TEMPERATURE IN THE COLD (EXPERIMENT B) 
High fat High fat 
Group Control (oil) (lard) 
Initial rectal 37.1 36.9 36.8 
temp. (° C.) *& 1.3" + @.5 + 22 
Final rectal 32.3 34.7 35.4 
temp (° C.) + 1.4 + 1.1 + 0.7 
Body weight (g.) 342 373 369 





* Standard deviation. 
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temperatures after the temperatures have been corrected for body weight. 
The drop in rectal temperatures for the ‘‘oil’’ group compared with the ‘‘lard”’ 
group is not significant. However, the drop for these two is much less than 
for the control group. 


Discussion and Conclusions 


Prefeeding high fat diets increases length of survival of fasted animals 
either in a normal or cold environment (7). Since the length of survival was 
proportional to the fat accumulated it was concluded that the increased 
survival observed with high fat diets in the cold could be explained by no 
reason other than the fact that they provide larger energy reserves. However, 
in the short-term cold exposures used in this experiment this would not explain 
the superiority of high fat diets. It would seem that high fat diets were 
superior in maintaining a higher rectal temperature either because they 
insulated the animal better or provided them with more readily utilizable 
energy reserves than the low fat diets. 


In order to find out if the animals on a high diet withstood cold better 
because of a larger subcutaneous fat layer the following calculations were 


made. The insulation required in each group was calculated by using Burton's 
formula (1). 


I = [3.09(7; — T:2)]/(3/4 M) 
where I = insulation in clo, 

T,; = rectal temperature in ° F., 

T2 = air temperature in ° F., 


M = metabolism (Cal./m.?/hr.). 


No measure of M was made in this study, but judging from the rate at which 
the rectal temperature was dropping, we can assume that it was maximum. 
Indeed many animals had reached, within 6 hours, a stage at which the 
maximum shivering was not sufficient to maintain a steady state, and irrever- 
sible hypothermia and death would have occurred at that temperature (1). 
For this reason M was made equal to three times basal or equal to about 
100 Cal./m.?/hr. (11). So by using this equation we find that the total 
insulation is 0.83 clo in group I and 0.96 and 0.93 in groups II and III 
respectively. This value includes insulation of tissues and air. But the 
insulation of the air, because of the air movement mentioned, was very small 
and the same for all groups. This insulation of the tissue coincides with 
calculated values reported by Burton (1). Consequently it would seem that 
the difference in insulation between the high and low fat group is equal to 
0.1clo. Since 1 in. of fat is equal to about 1 clo insulation (10, 5) then 0.1 
clo should correspond to approximately 2.5 mm. of fat. In other words the 
high fat group should have about 2.5 mm. more subcutaneous fat than the 
low fat group. Since the density of fat is 0.9 then for an animal of 350 g. 
with a surface area of 250 cm.?, as obtained by pelt measurements (7), 2.5 mm. 
of subcutaneous fat would weigh approximately 55 g. Even if the difference 
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in body weight between groups III and I (373-342 = 31 g.) would represent 
60% fat (6) of which 50% would be subcutaneous (9), the subcutaneous fat 
would still be responsible for only about 15% of the superiority of the high 
fat diet. There could even be doubt that subcutaneous fat would provide 
that much insulation in our experiment. Indeed Pagé and Babineau (8) 
found that the increase in fat reserve due to high fat diet is caused by a 
proportionately larger increase in the adipose than in the subcutaneous fat 
where very little change was observed. 

The other alternative would then be that animals on a high fat diet 
produce more heat. The extent of this extra heat required can be calculated 
by using Burton’s formula. The insulation of the tissues is approximately 
the same in groups I and III, as was shown, and is equal to about 0.8 
clo. Consequently by making the heat produced by group I equal to 100 
Cal./m.?/hr. it is found that the heat produced by group III is about 15% 
higher. This result would confirm the conclusion of Pagé and Babineau 
(8), who stated that “other factors than insulation were responsible for the 
observed superiority of the high fat ration’”’. 

The animals in this experiment, after being starved for 24 hours, were 
put into an intense cold. Consequently they had to use their fat reserves. 
In other words these animals are to some extent comparable to animals fed 
on a high fat diet. The group on a high fat diet may have been then somewhat 
more ready to use its fat reserves than the group which had been previously 
on a low fat diet. Indirect evidence to this effect was obtained by Stevenson, 
who interpreted a smaller drop in liver glycogen during the first 24 hours of 
starvation in animals prefed a high fat diet as an indication of ‘enhanced 
peripheral utilization of fat’’ (12). 

Whether the shift that seems to take place in metabolism during acclimati- 
zation (2) can be associated with change in fat metabolism is not known. 
However, some similarities between acclimatized animals and those on a 
high fat diet seem to exist. Carlson (3) has shown for instance that the 
rectal temperature of rats adapted to 5° C. drops less when these animals 
are exposed to — 10° C. than that of animals adapted to 30°C. Consequently 
animals prefed a high fat diet and those acclimatized to cold maintain their 
rectal temperature at higher levels when exposed to intense cold and are then 
comparable in that respect. 


References 
1. Burton, A. C. and EpHotm, O. G. Man in a cold environment. Edward Arnold & 
Company, London. 1955. 


2. Cartson, L. D. Man in a cold environment. Arctic Aeromedical Laboratory, Fair- 
banks, Alaska. 1954. 


3. Cartson, L. D. Cold injury. Edited by M.1. Ferrer. Josiah Macy, Jr., Foundation. 
New York. 1954. 


4. DuGat, L.-P., LEBLonp, C. P., and THERIEN, M. Can. J. Research, E, 23, 244 (1945). 
5. Harpy, J. D. and Soperstrom, G. F. Nutrition, 16, 494 (1938). 
. Keys, A. and Brozexk, J. Physiol. Revs. 33, 245 (1953). 


30 


10. 
#1. 


12. 





CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 35, 1957 - 


. LEBLANC, J., EAGAN, C. E., and Baker,G. Submitted for publication, Can. J. Biochem. 


Physiol. 


. Pac&, E. and Basineau, L. M. Can. J. Med. Sci. 31, 22 (1953). 
. REED, L. L., YAMAGucut, F., ANDERSON, W. E., and MENDEL, L. B. J. Biol. Chem. 


87, 147 (1930). 

SCHOLANDER, P. F., WALTERS, V., Hock, R., and Irvinc, L. Biol. Bull. 99, 225 (1950). 

SELLERS, E. A., REICHMAN, S., THomAs, N., and You, S. S. Am. J. Physiol. 167,651 
(1951). 

STEVENSON, J.A.F. Cold injury. 3rd Conference. Edited by I. Ferrer. Josiah Macy, 
Jr., Foundation, New York. 1954. 











ADIPSIA PRODUCED BY HYPOTHALAMIC LESIONS 
IN THE RAT! 


D. G. MONTEMURRO AND J. A. F. STEVENSON 


Abstract 


With the use of the Horsley—Clarke stereotaxic instrument, bilateral electrolytic 
lesions were placed in the lateral hypothalamic areas of female Sprague-Dawley 
rats. Changes in food and water intake and body weight were correlated with 
the histological localization of the lesions. Rats with large lesions in the 
frontal plane of the middle of the tuber cinereum died within a week of the 
operation. Food and water administered by stomach tube did not prevent 
weight loss and death. 

Two rats developed adipsia which lasted 13 and 16 days respectively; 10 ml. 
of tap water per day by stomach tube resulted in increases in food intake and 
body weight during the period of adipsia. These rats had lesions in the lateral 
hypothalamic areas in the frontal plane of the middle of the tuber cinereum, 
but these were small and relatively asymmetrical. 

Another rat refused water from the time of operation until sacrifice (55 days). 
Administration of 20 ml. per day of tap water caused an increase in food intake 
and body weight, and a general improvement. Whenever intake of water was 
not imposed by stomach tube, however, the food intake dropped and body 
weight was lost. This animal failed to drink spontaneously. The lesions in 
this animal were more symmetrical, slightly more dorsal, and about 0.75 mm. 
more posterior than those which produced temporary adipsia. In the rat, 
an area essential to the regulation of voluntary consumption of water appears to 
be located in the lateral hypothalamic areas at about the plane of the posterior 
ventromedial nuclei and the anterior border of the premammillary nuclei. 


Introduction 


In 1949 it was suggested (8) that the hypothalamus exerts a direct control 
over water intake. Rats with bilateral lesions in or near the ventromedial 
nuclei of the hypothalamus developed a state of ‘“‘relative chronic dehydration” 
associated with a reduced water/food intake ratio. Destruction in this region 
of the hypothalamus also usually produces hyperphagia and obesity; but it 
was shown that the hypodipsia could occur independently of this derangement 
in energy metabolism (8,9). Support for the suggestion that there is a thirst 
center in the hypothalamus has been provided by Andersson and his associates 
(4), who have reported polydipsia in the goat following chemical or electrical 
stimulation of a discrete region of the hypothalamus, and (5) temporary 
adipsia following hypothalamic lesions in the dog. Witt and co-workers (10) 
have also reported adipsia produced by hypothalamic lesions in the dog. 
The persistence of this adipsia appeared to depend upon the degree of 
hypothalamic destruction. 

The production of hypodipsia in the rat has been separated from that of 
hyperphagia and has been localized to the lateral hypothalamus (7). Rats 
with lesions in the lateral areas of the hypothalamus in the same frontal 
plane as the ventromedial nuclei showed no significant change in food intake, 
but drank significantly less water than did the controls or any of the rats 


with lesions elsewhere in the hypothalamus. It was concluded that neural 
1Manuscript received August 2, 1956. ; F . 
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elements responsible for the regulation of water intake in the rat lie in the 
lateral hypothalamus. Stimulation of this area might be expected to produce 
polydipsia. Greer’s (6) study of one rat suggests that this may be so; 
however, the site of stimulation was more medial and anterior than the lesions 
made by Montemurro and Stevenson (7). 
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Fic. 1. Diagrams of frontal sections through (a) the paraventricular nuclei, (b) middle 
of the ventromedial nuclei, and (c) the caudal border of the ventromedial nuclei of rat 
No. 663. This rat died 14 days after the operation; during this period it had neither 
eaten nor drunk. The lesions are represented by the solid black masses. Ant., nucleus 
hypothalamicus anterior; D.M., nucleus hypothalamicus dorsomedialis; Fil., nucleus 
paraventricularis; Fx., column of fornix; Lat., nucleus lateralis hypothalami; M.T., 
mammillo-thalamic tract; Reu., nucleus reuniens thalami; V.M., nucleus hypothalamicus 
ventromedialis;- V.M.P., nucleus hypothalamicus ventromedialis pars posterior; Z.I., 
zona incerta; III, third ventricle. 
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The purpose of the present investigation was to localize more accurately 
the area in the lateral hypothalamus of the rat, destruction of which produces 
hypodipsia or adipsia. 


Methods 


Bilateral electrolytic lesions were placed in the lateral hypothalamus of 
female Sprague-Dawley rats with the use of a Horsley—Clarke stereotaxic 
instrument. Electrolysis was produced by a current of 1.0 ma. flowing for 
10 seconds from the uninsulated tip of the electrode. 

The operated animals and intact controls were kept in individual cages in 
a room maintained at 21 + 1° C. and 50% relative humidity with 12 hours 
of light and 12 hours of darkness. A synthetic high fat diet and water were 
provided ad libitum. The consumptions of these were recorded every day, 
and body weights were recorded at least every 3rd day. Whenever force 
feeding was necessary, a mixture of one part diet and two parts tap water 
was administered by stomach tube. 

Animals that died were immediately frozen at —15° C.; their brains were 
later removed in the frozen state and placed in 10% formalin. At the end 
of the investigation the remaining rats were anesthetized and sacrificed by 
viviperfusion with saline followed by 10% formalin. The brains were 
removed and kept in formalin for 2 days. The hypothalamic block was 
then cut free, imbedded in wax, and sectioned at 10 yw. The sections were 
stained with cresyl violet. 


Results 
A. Lesions Resulting in Death 


Two of the experimental animals died 6 and 14 days after the operation. 
The latter (No. 663), for example, had eaten little and had not drunk any 
water spontaneously. Force feeding and watering (10 ml. per day) failed 
to prevent death, which occurred after 39% of the preoperative body weight 
had been lost. Fig. 1 illustrates the lesions present in this rat; they were 
located in the lateral hypothalamus, running from the frontal plane of the 
paraventricular nuclei to the posterior border of the ventromedial nuclei. 
These are typical of the lesions which have been shown to produce anorexia 
and death in the rat (1) and the cat (2, 3). 


B. Lesions Resulting in Temporary Adipsia 

Two of the experimental animals refused water for about 2 weeks after 
the operation. The postoperative course of one (No. 672) is shown in Fig. 2. 
Except for the 3rd postoperative day this rat drank no water for 16 days 
and, although its food intake was only slightly below that of the controls, 
it lost weight rapidly. In view of this, 10 ml. of tap water were administered 
by stomach tube each day for 4days; food intake and body weight increased 
simultaneously. Two days after the force watering was stopped this rat 
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Fic. 2. Graph showing the changes in food and water intake and body weight 
resulting from hypothalamic lesions in rat No. 672. Operation on Day 0. The solid 
bars projecting from the ordinate represent the values for three unoperated controls 
throughout the experimental period. The dotted columns represent water administered 
a stomach tube. The extent of damage to the hypothalamus of this rat is shown in 

ig. 3. 


began to drink spontaneously. Its spontaneous water intake still remained 
below that of the controls but its food intake and body weight returned to 
normal levels. 

The lesions in this rat lay in the lateral hypothalamic areas, in the frontal 
plane of the middle and posterior tuber cinereum, as shown diagrammatically 
in Fig. 3. Although both lesions were equidistant from the third ventricle, 
the left one was much smaller than the right; only a small part of the left 
lateral hypothalamic area had been destroyed. In the other animal the 
postoperative course was quite similar to that of rat No. 672, and the lesions 
were similarly located but slightly larger and less symmetrical. 


C. Lesions Resulting in Permanent Adipsia 

One of the operated rats drank little or no water for 55 days at which point 
it was considered that the adipsia was permanent. Fig. 4 demonstrates the 
postoperative course in this animal (No. 664). By the 11th day this rat 
had lost about 40% of its body weight and was moribund. Administration 
of 10 ml. per day of 10% glucose in saline revived this animal and stopped 
the weight loss; indeed, it caused an increase in food intake and a general 
improvement. Renewed loss of weight occurred whenever the fluid was not 
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Fic. 3. Diagram of frontal sections through (b) the middle of the ventromedial 
nuclei and (c) the caudal border of the ventromedial nuclei of rat No. 672. The lesions 
are represented by the solid black masses. After the operation this rat refused water 
for 16 days. Between the 16th and the 17th day it began to drink spontaneously. 


administered. Upon increasing the amount given to 20 ml. per day, body 
weight was rapidly regained. Whenever water was withheld, however, the 
food intake dropped and body weight was lost. The animal failed to drink 
spontaneously. 

The lesions in this rat were situated in the lateral hypothalamus between 
the frontal planes of the middle and posterior tuber cinereum (rat No. 664, 
Plate I). These lesions, approximately 0.5 to 1.0 mm. in diameter, were 
more symmetrical, slightly more dorsal, and about 0.75 mm. more posterior 
than those which produced temporary adipsia. 


Discussion 


Evidence of a “thirst area’ within the hypothalamus is rapidly increasing. 
Its exact location is not, however, clearly defined in all species. Andersson and 
McCann (4) produced marked polydipsia in the goat by electrical or osmotic 
stimulation of a discrete area localized to the region surrounding the third 
ventricle, between the columns of the fornix and mammillo-thalamic tracts in 
the middle of the hypothalamus. They have since reported that temporary 
adipsia occurs following lesions in this same area of the hypothalamus in the 
dog (5). 
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Fic. 4. Graph showing the changes in food and water intake and body weight in 
rat No. 664. The solid bars projecting from the ordinate represent the mean values for 
three unoperated controls throughout the experimental period. Except where otherwise 
indicated the dotted columns represent water administered by stomach tube. The 
location of the lesions present in this rat is shown in Plate I. 


In the rat, the evidence indicates that the lateral hypothalamic areas are 
important in the regulation of water intake. The chronically reduced water 
intake without hyperphagia reported by Montemurro and Stevenson (7) 
occurred in rats which had small elongated lesions in the lateral hypothalamus 
in the frontal plane of the ventromedial nuclei. Although these observations 
alone do not justify the conclusion that the region of the lateral hypothalamus 
(in the plane of the posterior border of the ventromedial nucleus and anterior 
border of the premammillary nucleus) is responsible for the voluntary 
consumption of water, adipsia has not yet been produced by similar lesions 
in any other area of the hypothalamus. The one rat which had failed to 
drink for 55 days showed relatively symmetrical lesions in this region (Plate 1), 
whereas the two rats which did begin to drinktafter 14 days of adipsia had 
lesions which were smaller and asymmetrical. 

This area involved in thirst is perhaps anatomically separable from the 
“feeding center’? of Anand and Brobeck (1, 2); the rats in the present 
experiments ate spontaneously, although the amount was small when water 
was not administered. The direct relation between water and food intake in 
these animals, as in the normal, suggests that these areas are closely related. 

The lesions causing adipsia in the rat are not in the same place as those 
causing adipsia in the dog nor as the site of stimulation which causes drinking 
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Fic. 5. Photomicrographs of frontal section of the hypothalamus of rat No. 664 
(a) at the level of the anterior border of the ventromedial nuclei, (6) at the level of 
the middle of the ventromedial nuclei, (c) at the level of the posterior border of the 
ventromedial nuclei, (d) at the level of the premammillary nuclei. The lesions appear 
as heavily stained regions in the lateral parts of the lateral hypothalamic areas. Cresyl 
violet X 12. 


Montemurro and Stevenson—Can. J. Biochem. Physiol. 
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in the goat. In our animals there was no visible damage to the ventromedial, 
dorsomedial, or paraventricular nuclei, nor to any other structure situated 
medially around the third ventricle. There may be an anatomical difference 
in the site of a drinking area between the rat and the two other species so far 
studied. However, Greer (6) has produced drinking and violent licking 
behavior in one rat by stimulation of the area which corresponds to the 
“drinking area’ found in the goat and the dog. Unfortunately the effects 
of ablation were not determined in this rat. ' 

Hypodipsia, with or without hyperphagia, is regularly produced by more 
medial lesions (8, 9). This suggests that some elements or tracts involved in 
the regulation of thirst extend into, or pass through, this medial region. 
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TERMINAL AMINO ACIDS OF HUMAN AND BOVINE 
GAMMA GLOBULIN! 


Woo-Pok LAy AND W. J. POLGLASE 


Abstract 


The N-terminal amino acids of a preparation of human gamma globulin 
have been found to be aspartic acid and glutamic acid in confirmation of other 
work. The C-terminal amino acids in this protein appear to be glycine and 
serine. Bovine gamma globulin has aspartic acid, glutamic acid, serine, alanine, 
and valine in N-terminal positions as other work has indicated. This protein 
has the same C-terminal residues (glycine and serine) as has human gamma 
globulin. 


Introduction 


This paper reports results of an investigation of the terminal amino acids 
of human and bovine gamma globulin. Terminal analyses from the carboxyl 
group end have not been previously recorded for these plasma proteins. 
Several reports have appeared on determinations from the amino group 
terminus. Van Vunakis (19) reported that at least seven different terminal 
amino acid residues could be detected in human gamma globulin by the 
Sanger dinitrophenyl technique (16). On the other hand, McFadden and 
Smith (5) found only three N-terminal amino acids (glutamic acid, aspartic 
acid, and serine) when they analyzed human gamma globulin by the same 
method (16). Putnam reported results (15) in agreement with those of 
McFadden and Smith, but found in addition, a small amount of unidentified 
dinitrophenyl compound in hydrolyzates of dinitrophenyl-gamma globulin. 
McFadden and Smith (5) detected five N-terminal amino acids in bovine 
gamma globulin by the dinitrophenyl method. These results suggest that 
both human and bovine gamma globulins may be heterogeneous with respect 
to terminal amino acid residues. 


It is well known that gamma globulin (Fraction II of Cohn’s scheme) 
(see Ref. 3) from pooled human plasma shows extreme heterogeneity by such 
criteria as electrophoresis, ultracentrifuge, and solubility analysis (4, 18). 
Oncley and co-workers (9, 10) have found that the normal gamma globulin 
from pooled sera consists of a principal component with a sedimentation 
velocity constant of 7S, and variable amounts of large molecules with sizes 
varying from 9 to 20S. 


With all of these manifestations of heterogeneity, in the physical-chemical 
sense, an investigation of amino acid sequence might seem unwarranted. 
However, the importance of structural investigations of gamma globulins 
has already been demonstrated by Porter (13), who has established identical 
N-terminal pentapeptide sequences for both normal rabbit gamma globulin 

1Manuscript received August 7, 1956. 
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and antiovalbumin. McFadden and Smith (6) compared normal rabbit 
gamma globulin to different specifically precipitated antipneumococcal 
antibodies and found, for all proteins examined, an N-terminal sequence 
identical with that reported by Porter (13). Such observations are of 
obvious importance to hypotheses on the mechanism of antibody formation. 
The establishment of identical N-terminal pentapeptide sequences in gamma 
globulins with different biological specificities lends support to the hypothesis 
that biological specificity is related to the physical conformation of the anti- 
body molecule (11) rather than to the amino acid sequence. 


Materials 


The human gamma globulin was supplied by Connaught Laboratories 
(Toronto), as a 15% protein solution. It was dialyzed, precipitated with 
ethanol, and dried before use in subsequent experiments. The bovine gamma 
globulin was obtained as a powder from Armour Laboratories (Chicago). 
The carboxypeptidase was a three times recrystallized suspension obtained 
from the Armour Laboratories. 


Methods 


Determination of N-terminal Amino Acids 


Human gamma globulin (0.4 g.) and an equal weight of sodium bicarbonate 
were mixed with 4 ml. of water. <A solution of 10% 2,4-dinitrofluorobenzene 
in ethanol (8 ml.) was added, and the mixture shaken for 2 hours at room 
temperature. The resulting DNP-gamma globulin was collected by centrifu- 
gation, and washed with water, ethanol, and ether. The product was dried 
in air for 2 days; yield, 0.4 g., protein content, 79.3%. Bovine gamma 
globulin was treated similarly; 0.5 g. yielded 0.55 g. of DNP-bovine gamma 
globulin, protein content, 73.1%. The amount of protein in these DNP- 
gamma globulins was estimated by determinations of the amide content 
both of the gamma globulins and of their DN P-derivatives. 

The DNP-proteins were hydrolyzed by refluxing 100 mg. of the substance 
with 10 ml. of 6 N hydrochloric acid for 16 hours. The cooled hydrolyzate 
was diluted with two volumes of water and extracted with ether. The ether 
extract was evaporated to dryness. Dinitrophenol was removed from this 
residue by sublimation following the technique of Mills (7). The residue 
was dissolved in acetone and chromatographed, together with authentic 
samples of various DNP-amino acids, on buffered filter paper as described 
by Blackburn (2). In order to confirm the amino acids detected in this 
way as their dinitrophenyl derivatives, the free amino acids were regenerated 
by hydrolysis with barium hydroxide as described by Mills (8). The free 
amino acids so formed were identified by paper chromatography. 

Quantitative determination of N-terminal residues was accomplished by 
chromatography of the ether extract of the DNP-protein hydrolyzate on a 
column of buffered celite 545 by the method of Perrone (12). The colored 
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bands which separated on the column were eluted, dissolved in 1% sodium 
bicarbonate, and the optical density of this solution compared with a standard 
of DNP-aspartic acid at 350 my in a Beckman Model B spectrophotometer. 


Determination of C-terminal Amino Acids with Carboxypeptidase 

The carboxypeptidase was first incubated with diisopropyl fluorophosphate 
to inhibit possible contaminating traces of chymotrypsin. Following this, 
the enzyme solution (2 ml. containing 0.4 mg. enzyme nitrogen per ml.) 
was added to 5 ml. of gamma globulin solution (160 mg. in 5 ml. of 0.15 M 
sodium chloride adjusted to pH 8), and the mixture incubated at 37° C. 
Samples were withdrawn at various times and the enzyme inactivated by 
acidifying the solution to pH 3. Free amino acids in the sample were 
separated from the large molecular weight materials by shaking the solution 
for 1 hour with Amberlite IR-120 (H+ form). The supernatant solution 
was decanted, and the resin was washed with water. The amino acids were 
then eluted from the resin with 5 M ammonium hydroxide. The eluates 
were evaporated to dryness for identification of free amino acids by paper 
chromatography. 


Determination ef C-terminal Amino Acids by Hydrazinolysis (1) 

Gamma globulin (160 mg.) was treated with ca. 1 g. anhydrous hydrazine 
at 100° C. for 6 hours in a sealed tube. The reaction mixture was then 
evaporated im vacuo over concentrated sulphuric acid. The residue was 
dissolved in 10 ml. of water and passed through a column of Amberlite IRC-50. 
The effluent was evaporated to dryness and analyzed by paper chromatography 
for free amino acids. 

For the quantitative determination of C-terminal amino acids, the effluent 
was evaporated to dryness, and dissolved in 5% sodium bicarbonate. The 
amino acids were converted to DNP-derivatives, chromatographed, and 
determined spectrophotometrically. 


Results 


Identification of N-terminal Amino Acids 

Only two N-terminal amino acids were identified in human gamma 
globulin: glutamic acid and aspartic acid. This is in substantial agreement 
with the results of McFadden and Smith (5), who found these amino acids 
but also found small amounts of serine. In bovine gamma globulin there 
was found a larger number of N-terminal groups: aspartic acid, serine, glutamic 
acid, alanine, and valine. 


Identification of C-terminal Amino Acids 

It was necessary to use two-dimensional chromatography to identify the 
amino acids liberated by carboxypeptidase from human gamma globulin. 
In the first 5 minutes of proteolysis, the following amino acids were observed: 
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aspartic acid, glutamic acid, serine, glycine, threonine, alanine, lysine, valine, 
and leucine. Four of these, leucine, valine, serine, and glycine, gave stronger 
ninhydrin colors than the other five. The same nine amino acids which were 
detected after 5 minutes of proteolysis were present after 1 hour, or after 3 
hours, of proteolysis. 


In the first 5 minutes of carboxypeptidase action on bovine gamma globulin, 
four amino acids were liberated; serine, glycine, valine, and leucine. After 
1 hour, glutamic acid, alanine, and lysine could be detected, in addition to 
the first four amino acids. 

Two-dimensional chromatography of the free amino acids obtained from 
human gamma globulin by the hydrazinolysis procedure revealed the presence 
of serine, glycine, glutamic acid, threonine, and alanine. The first two 
amino acids, glycine and serine, gave ninhydrin color reactions on the chroma- 
togram of very much greater intensity than did the other three. 

The same five amino acids were obtained by hydrazinolysis of bovine 
gamma globulin as were obtained from human gamma globulin hydrazinolysis, 
and again, glycine and serine predominated. 


Quantitative Determination of N-terminal and C-terminal Amino Acids in 
Gamma Globulins 


The results of quantitative evaluation of terminal amino acids are tabulated. 
The results for C-terminal amino acids are from the hydrazinolysis procedure. 
Quantitative evaluation from the carboxypeptidase hydrolysis of gamma 
globulin was not attempted. 


TABLE | 
TERMINAL AMINO ACIDS IN GAMMA GLOBULINS 


(Mole amino acid/mole protein—assuming molecule weight of 160,000) 














Human Bovine 
Found Corrected* Found Corrected* 

N-terminal 

Aspartic acid 0.55 0.92 0.075 0.13 

Glutamic acid 0.68 0.91 0.101 0.13 

Serine — -= 0.074 0.12 

Alanine — _- 0.073 0.12 

Valine — _- 0.12 0.21 
C-terminal 

Serine 0.50 ‘ 0.79 

Glycine 0.55 0.59 

Alanine Traces Traces 

Threonine Traces Traces 

Glutamic acid Traces Traces 





*Corrected for hydrolytic breakdown of DNP-amino acid as determined by Porter and 
Sanger (14). 
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Discussion 


Our results on N-terminal amino acids in human gamma globulin are in 
general agreement with those reported by other workers except that while 
we detected 1 mole each of N-terminal glutamic and aspartic acids, McFadden 
and Smith (5) report that human fraction II-3 contains in addition, a small, 
but significant quantity of N-terminal serine. The N-terminal analysis on 
bovine gamma globulin agrees fairly well with the results obtained by Mc- 
Fadden and Smith although the values for N-terminal valine are somewhat 
higher in our work. 

To the best of our knowledge, C-terminal amino acids of gamma globulins 
have not been previously reported. The results with carboxypeptidase were 
difficult to interpret. Chromatography after 5 minutes of proteolysis 
followed by color development with ninhydrin showed nine amino acids. 
Four of these amino acids gave more intense colors than the others. From 
the carboxypeptidase degradation, together with the estimation of relative 
intensities of ninhydrin spots, the C-terminal groups of both human and bovine 
gamma globulins may be glycine, serine, leucine, and valine. 

The results from hydrazinolysis, which were evaluated quantitatively 
(see Table I) indicated only two C-terminal amino acids in both globulins, 
namely, glycine and serine. In order to correlate the results obtained by 
the two different C-terminal methods, it is necessary to refer to studies on 
carboxypeptidase specificity with synthetic substrates (17). The rate of 
hydrolytic removal of the C-terminal amino acid in a synthetic peptide 
depends on the nature of the R group of the amino acid bearing the free 
a-carboxyl group. If the C-terminal amino acid is glycine, where R is a 
hydrogen atom, the removal of this amino acid by carboxypeptidase is 
extremely slow compared with amino acids which have larger R groups. 
In the case where glycine is the C-terminal amino acid in a peptide chain 
(e.g. gamma globulin), it would be hydrolyzed off slowly by carboxypeptidase 
liberating the carboxyl group of the next amino acid, which might be hydro- 
lyzed off at a much greater rate. The net result would be that the second 
amino acid (and possibly the third, fourth, etc.) would appear at practically 
the same concentration as glycine even though glycine was the first amino 
acid to be liberated from the peptide chain. 

The large number of amino acids (nine) liberated from human gamma 
globulin after 5 minutes’ treatment with carboxypeptidase would indicate 
that more than one open chain is present in the protein. Of the nine amino 
acids found on chromatograms, serine, leucine, and valine gave the most 
intense ninhydrin colors, while the other six amino acids gave weaker colors. 
We may assume that human gamma globulin has two free C-terminal groups 
(corresponding to the two N-terminal groups). One chain is terminated 
by serine preceded by either leucine or valine. The other chain is terminated 
by glycine preceded by the five other amino acids which were approximately 
equivalent in ninhydrin color intensity to glycine. The fact that even after 
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prolonged exposure to carboxypeptidase, no more than nine amino acids can 
be detected indicates that resistant amino acid residues (e.g. proline) exist 
in the chains. These speculations may be diagrammed as follows: 


Aspartic { : (valine, leucine) serine 


Glutamic | : (aspartic, glutamic, threonine, alanine, lysine) glycine 
Resistant to 
carboxypeptidase 
Although bovine gamma globulin has more free N-terminal residues than 
has human gamma globulin, the free amino acids liberated by carboxypeptidase 
were the same for both proteins. By hydrazinolysis, only glycine and serine 
were found as C-terminal groups. Since at least five different N-terminal 
residues were identified in bovine gamma globulin, some of the peptide 
chains must have identical C-terminal residues. 
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THE MECHANISM OF SCHRADAN ACTIVATION 
BY LIVER MICROSOMES! 


R. D. O’ BRIEN 


Abstract 


The mechanism by which schradan is converted to a powerful anticholinesterase 
by fortified liver homogenates has been studied. A scheme is proposed involving 
the production from DPNH of hydrogen peroxide, which then oxidizes an 
unknown microsomal factor with the aid of catalase. The factor in turn oxidizes 
schradan. The evidence for this proposal is that all the factors involved are 
present in the preparations that oxidize schradan and that, in general, appropriate 
additions can replace the endogenous factors. However, difficulties are 
introduced by the very low efficiency of the over-all system. 


The insecticide schradan (octamethylpyrophosphoramide) is oxidized to 
a powerful anticholinesterase (‘activated’) by mammalian liver slices. 
Liver homogenates activate schradan only if Mg**, diphosphopyridine 
nucleotide (DPN), and nicotinamide are added (Davison (6)). The microsomal 
and soluble fractions combined contain most of the activity of the whole liver 
but neither fraction alone is effective. However the soluble fraction can be 
replaced by DPNH, so that microsomes plus reduced DPN give excellent 
conversion (O’Brien (12)). 

This finding, and the observation that catalase enhances the effectiveness 
of conversion, yet is without effect on preparations lacking DPNH or soluble 
fraction plus DPN, led to the proposal of the following mechanism: 


SUBSTRATES DPN . i H202 SCHRADAN 
OxipiZED SUBSTRATES ; DPNH Oz e @ SCHRADAN OXIDE 
GLYCOLYSIS CATALASE 
This paper examines the scheme further, and provides evidence for an 
expanded version of it. 
Methods 
Ten per cent homogenates of liver from female Swiss albino mice were 
prepared in an ice-chilled Potter-Elvehjem homogenizer using 0.99% KCl 
for the manometric studies, or 0.067 M phosphate buffer, pH 7.4, for the 
peroxide assays. These were spun at 10,000 X g for 10 minutes in the cold 
(Spinco centrifuge), the supernatant (which contained the microsomal and 
soluble fractions) being termed F;. Where required, this was further 
fractionated (45,000 X g for 30 minutes) into a precipitate (‘‘microsomes’’) and 
a soluble fraction. The microsomes were suspended in the original volume 
of KCI or buffer by gentle hand homogenizing in the Potter-Elvehjem; 
where indicated, they were washed by spinning again and resuspending. 
Unless otherwise stated these preparations were made fresh each day. 
1Manuscript received July 29, 1956. 
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Schradan conversion was studied by incubating the liver system (0.5 ml.) 
with cofactors (0.5 ml.), 0.067 M phosphate buffer pH 7.4 (1 ml.), human 
plasma diluted 2.5 times (1 ml.), schradan (0.25 ml. of 0.5%), and water or 
other additives to give a volume of 3.75 ml. The final concentrations of the 
usual cofactors were: DPN 4 X 10-* M, magnesium chloride 0.015 M, 
nicotinamide 0.008 M. Incubation was carried out in open Warburg flasks, 
which were shaken gently on a wrist-action shaker for 60 minutes. Then 
0.3 ml. of 2.52% NaHCO; was added, and 0.2 ml. of 5% acetylcholine 
bromide placed in the side-arm. The flasks were placed on the manometers, 
gassed with 5% COs: in Ne, and at 90 minutes from zero the acetylcholine 
was tipped in and readings taken for 30 minutes. 

After correction for the effects of cofactors upon the plasma cholinesterase, 
the observed per cent inhibition of cholinesterase was used to calculate the 
micromoles (4#M.) of schradan activated, using the concentration—activity 
curve previously published, 50% inhibition being given by 4 X 10-7 M 
inhibitor (O’Brien and Spencer (13)). The identity of the active anticholin- 
esterases from permanganate oxidation and liver conversion has been 
demonstrated by Tsuyuki, Stahmann, and Casida (14). 

Hydrogen peroxide was assayed by the method of Andreae (3), except that 
the horse-radish preparation was replaced with purified peroxidase. Four 
milliliters of the liver preparation was mixed with 3 ml. cofactors, 4 ml. 
scopoletin 10-* M, and 1 ml. of peroxidase (1 mg. per ml.). At noted times, 
1 ml. aliquots were run into 9 ml. of borate buffer pH 9.6, and the fluorescence 
of the residual scopoletin measured in the Beckman DU spectrophotometer. 

Schradan was prepared by the method of Casida, Allen, and Stahmann 
(5). DPN and reduced DPN (DPNH) were Sigma 95% preparations; 
catalase, General Biochemicals Inc., crystalline; glucose oxidase, Takamine 
“‘Dee Gee’; peroxidase, Worthington. 

For the kinetic study, the activated schradan was prepared by adding to 
45 ml. of a 10% homogenate of frozen hog liver the usual concentration of 
schradan and cofactors and incubating the mixture for 2.5 hours in an open 
beaker with gentle shaking. Proteins were then precipitated by adding solid 
mercuric chloride, and the excess mercury was precipitated by passing H.S 
into the slightly acidified mixture. The precipitate was spun down and the 
supernatant neutralized with sodium bicarbonate and extracted three times 
with chloroform. The chloroform extract was evaporated off im vacuo, and 
the residue taken up in 10 ml. water, 0.5 ml. portions of which were added 
to the flasks. 

Results 


Attempted Purification and Stabilization 


A purification of the microsomal system was desired, to avoid side effects 
and to obtain if possible a stable standard preparation. 

Attempts were made to solubilize the microsomal system as a preliminary 
to purification. Acetone powder preparations were inactive (11). Treatment 
in a Mickle disintegrator at a series of levels of digitonin failed to solubilize 
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the system, and the Mickle treatment inhibited it somewhat. Freezing and 
thawing rapidly (using a slurry of solid carbon dioxide in acetone) gave no 
solubilization or inhibition. These treatments all solubilized a considerable 
fraction of the microsomal cholinesterase. 

Lyophilization destroyed most of the activity of the microsomes, but 
preserved almost completely the capacity of the soluble fraction to fortify the 
microsomes. The activity, both of microsomal and soluble fractions, 
deteriorated markedly on storage in the refrigerator or deep freeze (— 18° C.) 
but if the fractions were frozen rapidly as above and then stored at —18° C., 
good activity was maintained. Rapidly frozen preparations were used in 
the results given in Table II. 


Production of Peroxide by Microsome Preparations 

Fig. 1 shows that the fortified F,; preparation which activates schradan 
also produces free hydrogen peroxide. The rate of production drops steadily 
with time and most of the peroxide is produced within 50 minutes: at this 
time 9.0 millimicromoles (muM.) are produced by 1 ml. of F;. 

Previous work (11) had shown that for schradan activation, both the 
soluble and microsomal fractions were required, but the soluble fraction could 
be replaced by DPNH. Optimal conversion by the whole system required 
Mg**, nicotinamide, and DPN. Table I shows that omission of these 
cofactors reduced peroxide production 30%; that neither fraction separately 
is an effective producer of peroxide; and that addition of a large excess of 
schradan (8.7 4M.) reduced the free peroxide by 1.4 muM. When DPNH 
is added to a preparation of microsomes, there is an immediate production of 
peroxide, whose concentration then slowly declines until it reaches about a 
third of its initial level. This decline is probably due to the catalase which 
is present in the microsomes (see below). Only a small part of the DPNH 
is utilized for detectable peroxide production, the 1 mg. added (1.5 uM.) 
producing only 12.5 muM. of peroxide, an efficiency of 0.8%. 


TABLE I 


PRODUCTION OF H,O2 PER ML. OF F, FRACTION OR ITS EQUIVALENT 











System myuM. H.O; hr. 

Complete 8.8 
Complete, less cofactors 6.2 
Soluble fraction 3.5 
Microsomal fraction 0.9 
Microsomal fraction + 1 mg. DPNH (1.5 uM.) = 12.5 
Complete + schradan 1.7 X 107° M 

(8.7 uM.) 7.4 





Note: Fresh 10% mouse liver preparations were used. 
Cofactors: magnesium, nicotinamide, DPN. 
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Fic. 1. Production of H.O2 by fresh Fi preparation. Ordinate: muM. H,0. produced. 
Abscissa: time. ©, endogenous production by 2 ml. of Fi. +, production from 1 mg. 
added DPNH (corrected for endogenous). 


Fic. 2. Production of activated schradan by fresh F,; preparation. Ordinate: muM. 
activated schradan produced. Abscissa: time. O, author’s method. +, Davison’s 
method. 


The Time Course of Schradan Activation 


The manometric procedure was used in the following studies. The effect 
of varying the time of aerobic incubation was studied. The results are shown 
in Fig. 2. The rapid increase in activation rate after 80 minutes was 
consistently observed; however the probit curve of concentration—activity 
from which the calculations are made becomes unreliable above the 10 muM. 
level (which corresponds to 90% cholinesterase inhibition) and the logarithmic 
increase rate cannot be positively affirmed. 

The time course of schradan oxidation by fraction F, shown in the figure 
bears no relation to the time course of peroxide production described above. 
When curves of the type shown in the figure were first obtained and compared 
with the linear plot given by Davison (6), it seemed possible that the difference 
was due to the method: in the method used here cholinesterase is present 
throughout the incubation period, so that long incubation gives (a) greater 
quantities of schradan activated, (b) greater time of contact of the 
cholinesterase with the inhibitor. In Davison’s technique, the cholinesterase 
is added at the end of the aerobic incubation period. 


To get a true picture of the course of activated schradan production, two 
approaches were used: (1) the procedure was modified by adding the 
cholinesterase at the end of the aerobic incubation (thus using the time 
sequence but not the concentrations of Davison). The result is shown in 
Fig. 2 as ‘‘Davison’s method”’. (2) The effect of time of contact of activated 
schradan with cholinesterase was studied by adding permanganate-oxidized 
schradan to cholinesterase and incubating for various periods (the identity 
of the products of biological and permanganate oxidation having been 
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Fic. 3. Effect of time of incubation on inhibition of serum cholinesterase by activated 
schradan. O, permanganate-oxidized (two levels). +, liver-activated. If per cent 
enzyme inhibition = P, a/(a—<x) is given by 1/(1 — .01 P). 


demonstrated (5)). The results (Fig. 3) did not conform with those shown 
by Aldridge (1) for several organophosphates whose reactions with cholin- 
esterase followed bimolecular reaction kinetics. As this result may have been 
due to the presence of a component from permanganate oxidation not present 
in the liver product, a batch of the latter was prepared, extracted from the 
liver (see Methods), then added under conditions identical with those used 
for the permanganate product. Fig. 3 shows that it gave the same result, with 
a positive intercept on the ordinate att = 0. The inhibitory effect could be 
eliminated by making the inhibitor solution mildly alkaline and allowing it to 
stand overnight at room temperature; showing therefore that all the inhibitor 
was alkali-unstable (the half life of the “‘active component”’ from permanganate 
oxidation is about 1 hour at pH 8). Reaction kinetics of this type have been 
demonstrated for the case of the presence of a small amount of an unstable 
and highly active second inhibitor (Aldridge and Davison (2)). Heath, Lane, 
and Park (9) suggest that liver oxidation of schradan produces such a 
compound and Spencer, O’Brien, and White (13) consider that it may be 
present in the permanganate product. 

These results were used to make corrections for time of contact of inhibitor 
with cholinesterase in the time-course data, and are incorporated in Fig. 3. 
The corrections were, however, extremely small, and insufficient to account 
for the high yields of activated schradan obtained by the present technique 
compared with Davison’s. If there was an enzyme in liver hydrolyzing 
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activated schradan, Davison’s technique would involve a greater loss of the 
compound and thus give apparently lower yields. This possibility was 
discounted by adding liver homogenate (0.05% final concentration) to 
hydrolyzing permanganate-oxidized schradan at 25° C. and pH 8. The 
rate of hydrolysis, measured by an automatic titrator, remained unaltered. 
A similar experiment showed there was no phosphatase in the plasma used 
as a cholinesterase source. The time-course data given for Davison’s 
technique in Fig. 2 are in agreement with Davison (6) but the non-linearity 
was not observed by him because none of his incubation periods exceeded 
40 minutes. 

The data, then, indicate no relationship between the rates of ,peroxide 
production and schradan activation. Either peroxide production is not the 
rate-limiting step in the series of reactions leading to schradan activation, 
or the peroxide measured in the Andreae method is not that which is available 
for the activation. 


Coupled Oxidation 


Keilin and Hartree (10) showed that the hydrogen peroxide produced, 
either enzymically by the oxidation of substrates (such as glucose oxidation 
by glucose oxidase) or non-enzymically under special conditions of low but 
steadily maintained concentrations, may be coupled via catalase to achieve 
the oxidation of various substrates. 

The coupled oxidation of ethanol by catalase was demonstrated by a 
manometric procedure, with glucose plus glucose oxidase as the peroxide 
producing system. Ninety-one per cent of the theoretical oxygen uptake 
was obtained. Under identical conditions no coupled oxidation of schradan 
was observed. The method would, however, only have detected oxidations 
of about 900 muM. or more of schradan, and a highly inefficient coupled 
oxidation would thus go undetected. The quantities studied in the cholin- 
esterase inhibition technique were from 0.04 to 57 muM. 


The Effect of Various Agents on Schradan Activation 


The manometric procedure was used to observe the effect of various 


compounds on the activation of schradan by liver. The results are given in 
Table II. 


It was confirmed that reduced DPN can replace the soluble fraction of 
liver, and that catalase enhances the activity of the F, fraction. In the 
absence of microsomes, catalase (up to 8 mg.) and peroxide (up to 100 uM.) 
either separately or in various combinations, failed to activate schradan. In 
the presence of microsomes and Mg**, peroxide (100 uM.) increased the 
activation a little, as did catalase alone when at the highest concentration 
(8 mg.). Catalase and peroxide together greatly increased the activation 
by microsomes in the presence of Mg**, the effect being proportional to the 
logarithm of the peroxide concentration. 
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TABLE II 


THE EFFECT OF VARIOUS AGENTS ON SCHRADAN ACTIVATION 














muM. myuM. 
schradan schradan 
Liver activated activated 
fraction Agent without agent with agent 
Microsomes DPNH, 1 mg. 0.05 0.59 
Microsomes + soluble Catalase, 1 mg. (520 units) 0.51 1.45 
None Catalase 0 0 
H:0, 0 0 
Catalase + H.0, 0 0 
Microsomes H.02 0.04 0.10 
Microsomes Catalase 0.06 0.19 
Microsomes Catalase + HO. (2.7 X 10-4 M) 0.06 0.36 
Microsomes (2.7 XK 107% M) 0.06 0.48 
Microsomes (2.7 K 10 M) 0.06 0.56 
Microsomes Glucose + glucose oxidase 0.04 0.15 
Microsomes Glucose + glucose oxidase + catalase 0.04 0.19 





ConpDITIONS (except where otherwise stated): Microsomes, frozen preparation from 10% 
mouse liver. Catalase: 4320 units (equivalent to 8.3 mg. GBI catalase). H,O.: 100 uM. 
(2.7 X 107? M). Mgt**, phosphate buffer, plasma, and schradan in all. 


An attempt was made to replace added peroxide by an enzymatic source. 
A commercial glucose oxidase preparation (which contained catalase) was 
used along with glucose. The small enhancements of schradan activation 
obtained were probably attributable to the catalase content. In support 
of this hypothesis it was found that no improvement of the effectiveness of 
the oxidase was obtained by adding large amounts of catalase (except the 
improvement due to the added catalase by itself). 

None of the above effects were altered by the addition of DPN, except that 
in its presence the effects were not so easily seen because of the enhancement 
by DPN of the endogenous conversion of schradan by microsomes (average 
0.10 muM. without, 0.48 with DPN, Mg** present in both). 

The replacement of catalase with peroxidase was attempted. It was 
found that added peroxidase had no enhancing effect upon the F; fraction and 
that nitrite (3 X 10-? M) and cytochrome c (1.6 X 10-° M) had no inhibitory 
effect upon activation. As these last two compounds are oxidized by 
peroxidase plus peroxide, they should inhibit peroxidatic oxidations competi- 
tively. Peroxidase therefore cannot replace catalase. 


DPNH Oxidation 

It was observed by Davison (6) that the oxidation of added DPNH by a 
liver preparation was inhibited by schradan. This finding was evidence in 
favor of his hypothesis that schradan conversion utilizes the oxidized form 
of DPN; if it was the reduced form that was required, an enhancement of 
DPNH oxidation might be expected on adding schradan. Davison’s finding 
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was confirmed for a microsome-plus-soluble preparation of liver. Because 
of the opacity of the preparation it had to be five times more dilute than 
that used for schradan conversion. Schradan at 1.2 X 10-* M inhibited 
DPNH oxidation 29%. 

A study was made with rabbit kidney, a tissue totally ineffective in activating 
schradan, using schradan at 1.1 X 10-* W@. DPNH oxidation was inhibited 
by 21%. It follows that the inhibitory effect of schradan upon the DPNH-— 
oxidase system is a side effect unrelated to schradan activation. 


Catalase Assays 


The catalase activity of the amounts of the various materials that were 
used in the manometric experiments were determined by the method of 
Euler and Josephson (7). One unit is the amount that will decompose 
1 mg. of peroxide in 1 minute. The results were: microsomes, 0.37 units; 
supernatant, 13.2 units; catalase, 520 units per mg.; glucose oxidase, 10.1 
units. 

The F,; preparation thus contains a good supply of catalase (principally 
from the supernatant). The low level in microsomes is of interest, because a 
DPNH-microsome preparation can activate schradan. However, it is now 
a commonplace that smaller concentrations of factors are required when 
they are localized in appropriate structures than when they are in free solution. 


Discussion 

The peroxide studies show clearly that free peroxide is produced by the 
F, fraction of liver; that the production is less effective if DPN, magnesium, 
and nicotinamide are omitted; and that the soluble component of F; can be 
replaced by DPNH. Evidently the microsomes contain a system for utilizing 
DPNH to produce peroxide. Qualitatively, these data are entirely in accord 
with the hypothesis that schradan is activated by peroxide, since schradan 
activation also needs these cofactors for optimal activity, and requires the 
microsome fraction, plus either DPNH or the soluble fraction. 

The quantitative aspects are difficult toevaluate. Free peroxide production 
levels off at about 9 muM. per ml. of Fi, whereas schradan activation by 
0.5 ml. of Fy reaches 4.5 muM. at 60 minutes and continues linearly well 
beyond that time. However, the very low efficiency of free peroxide 
production from added DPNH, and the decline in free peroxide level following 
its increase by added DPNH, suggest that the free peroxide level given by 
the assay procedure is not a good estimate of the total peroxide. The situation 
could be that a large part of the total peroxide generated is utilized by catalase 
(and perhaps peroxidase) and either degraded or used for various oxidations, 
and what is being measured is the surplus above this amount utilized. The 
predicted lowering of the free peroxide level by added schradan is also 
qualitatively observed, but only to the extent of 1.4 myM. per hour per 
milliliter of F;. This is much lower than the amount activated in the 
manometric studies. The discrepancy may be similarly explained. 
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The observation that added peroxide in the presence of catalase can convert 
schradan if microsomes are present, but not in their absence, is strong evidence 
for the proposed mechanism. It makes it clear that the sequence previously 
proposed (11) is insufficient, and that a step must be interposed between 
catalase peroxide formation and schradan activation, a step catalyzed by 
a microsomal system. The failure of the glucose — glucose oxidase system to 
replace added peroxide is presumably a concentration phenomenon. The 
schradan activation is very inefficient: for instance, 10 uM. of added peroxide 
(final concentration 2.7 XK 10-* M) activated only 0.36 muM. of schradan 
(Table II). 

The scheme proposed on this evidence is (where A represents various 
oxidizable substrates) : 


AH2 6 a DPN ; H202 OG Xx De SCHRADAN OXIDE 
A DPNH QO, H,0 xO SCHRADAN 


e.g GLYCOLYSIS MicROSOMES CATALASE MicROSOMAL 
BY SYSTEM 
SUPERNATANT 


There is no evidence that this is the pathway that operates im vivo, but 
certainly under appropriate conditions each step can be shown in vitro. 
Further study on the nature of the microsomal system ‘‘X”’ is made difficult by 
the failure of the techniques used so far to obtain active soluble preparations 
from microsomes. 

The small yields of schradan oxide find analogy in the trace quantities of 
trimethylamine oxide produced from trimethylamine by liver trimethylamine 
oxidase (Artom and Lofland (4)). O’Brien and Spencer suggested previously 
(12) that both of these oxidations may require energy. The data of Goubeau 
and Fromme (8) show the binding force for N — O in trimethylamine oxide 
to be 4.4 X 10° dynes cm.~', compared to 11.7 X 10° for O = O (molecular 
oxygen). Thus, in the over-all oxidation of trimethylamine by oxygen, in 
which two N — O bonds are formed per O = O split, there is a requirement 
for free energy. An entropy change is to be expected, as the methyl groups 
in the oxide have a more restricted movement and thus lower entropy, giving 
an additional free energy requirement in the reaction. The effect upon the 
N—C bonds of adding an oxygen to the N would probably be to destabilize 
the bonds owing to the electrophilic effect of the oxygen, once more increasing 
the energy of the system. All three factors point to a positive A F for the 
reaction. This energy requirement may explain the small yields in broken-cell 
preparations, and account for the linking-in of the elaborate schradan- 
conversion chain with DPNH, a readily available energy source. 

The mechanism of schradan activation by insect tissues may be quite 
different from that reported here for liver. Activation by whole roach gut is 
inhibited by phosphate buffer and the activating capacity of roach gut 
homogenates is not improved by adding DPN, Mg**, and nicotinamide. 
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THE METABOLISM OF 2-C“-ADENINE IN THE RAT! 
S. H. ZBARSKy AND A. R. P. PATERSON 


Abstract 


The metabolism of 2-C™-adenine has been studied in the rat. Following 
intraperitoneal injection of the labelled material, isotope was found in the 
adenine and guanine of the visceral nucleic acids. Allantoin was the major 
radioactive metabolite excreted in the urine, and radioactive adenine and uric 
acid were also shown to be present. The finding of radioactivity in the urinary 
urea indicated a significant metabolic conversion of the 2-carbon of adenine to 
carbon dioxide. This result agreed with the finding of 8.5-9.4% of the injected 
radioactivity in the respiratory carbon dioxide. Possible mechanisms whereby 
carbon 2 of adenine may be metabolized to carbon dioxide are discussed. 


Introduction 


The incorporation of isotopically labelled adenine into nucleic acid purines 
has been demonstrated repeatedly (4, 8, 9) since Brown et al. (9) first reported 
their observations. The latter also found that, in addition to its degradation 
to allantoin, 1,3-N'-adenine was converted to nucleic acid guanine, also 
labelled in positions 1 and 3. As a result of these and later findings, the 
concept was introduced that during the im vivo transformation of adenine 
to guanine, the purine ring remained intact. The results of the experiments 
of Bendich, Furst, and Brown (3), using 2,6-diaminopurine with N*® in 
positions 1 and 3, or with C™ in position 2, were interpreted to mean that 
the purine ring of the compound remained unbroken during its conversion 
to nucleic acid guanine. In more recent experiments with adenine labelled 
with both N® in nitrogens 1 and 3 and C" in position 8 (18), no significant 
oxidation of carbon 8 to respiratory carbon dioxide was observed. This, 
together with the finding that there was an essentially equal incorporation 
of the N® and C" into the isomers of adenylic and guanylic acids obtained 
from the nucleic acids, appears to provide added evidence that the purine 
ring remains intact during the metabolic conversion of adenine to guanine. 

Marsh (19) has reviewed evidence indicating that the 2-position of the 
purine ring may be relatively more labile than the remainder of the molecule. 
Previously, Gordon (12) had noted that in the experiments of Bendich, 
Furst, and Brown (3) the incorporation into nucleic acid guanine of N™® 
from 1,3-N-diaminopurine was approximately twice that of C' from 2-C- 
diaminopurine. Gordon suggested (12) that this difference may have been 
due to biological lability of the 2-position of the purine ring, which would 
not have been apparent in the earlier experiments using 1,3-N"-adenine (9). 
In their recent review, however, Brown and Roll (8) pointed out that this 
difference is not experimentally significant, being less than the threefold 

1Manuscript received August 3, 1956. 

Contribution from the Department of Biochemistry, University of British Columbia, 
Vancouver 8, B.C. Taken in part from a thesis presented by A. R. P. Paterson to the Faculty 


of Graduate Studies, University of British Columbia, in partial fulfillment of the require- 
ments for the degree of Master of Arts. 


Can. J. Biochem. Physiol. 35 (1957) 





56 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 35, 1957 


variation observed in the incorporation of labelled adenine by rats treated 
under essentially identical conditions. In addition, other evidence was 
cited (8) to indicate there is no significant metabolic lability of individual 
positions of the purine skeleton. 

Bennett (4) observed that in the mouse 16% of the radioactivity of 
administered 4,6-C'-adenine was excreted in 24 hours as respiratory carbon 
dioxide. This was presumed to have been derived from carbon 6 which is 
lost in the catabolism of adenine to allantoin. According to Bennett, 4-C- 
guanine did not yield radioactive carbon dioxide. In general, the experiments 
in which N®-labelled purines were administered to mammals have indicated 
that the purines are not catabolized along pathways other than that leading 
to allantoin (3, 7,9, 23). For example, in the work of Brown and his colleagues, 
only very small percentages of the urea and ammonia excreted by the treated 
rats were derived from the nitrogen of administered N-labelled adenine (9), 
2,6-diaminopurine (3), and oxypurines (7). It is felt, however, that none 
of these experiments excluded the possibility that the purine ring is labile 
at the 2-position. 

The availability of 2-C'-adenine (21) suggested the present study of the 
metabolism of this compound. It was expected that if carbon 2 of adenine 
or its metabolites were more labile than the other carbon atoms, C'™ would 
appear in the respiratory carbon dioxide. It was found that upon a series 
of injections of 2-C'-adenine to rats over a period of 4 days, 8.5—9.4% of the 
administered isotope was excreted as carbon dioxide. 

The radioactive adenine was also incorporated into the adenine and guanine 
of the nucleic acids. Allantoin accounted for the major fraction of the 
radioactivity excreted in the urine. Urinary urea was also radioactive, a 
finding which agreed with the presence of C™ in the respiratory carbon dioxide. 
In addition, it was shown that radioactive adenine and uric acid were present 
in the urine. 


Experimental 
Synthesis of 2-C''-Adenine 
This material was synthesized by the method of Paterson and Zbarsky 
(21) from 4-amino-5-imidazolecarboxamidine (25) and C-labelled formic 
acid (20). 


Measurement of Radioactivity 

Determinations of radioactivity were carried out as described by Zbarsky 
and Wright (28). All materials were converted to barium carbonate and 
counted as “infinitely-thick’’ samples, using an end-window Geiger counter 
connected to a scaling unit. 
Metabolism Experiments 


Adult male rats of the Wistar strain, obtained from the colony at the 
University of British Columbia, were used. In experiments 1 and 2, labelled 


adenine was administered as a solution of the hydrochloride buffered with 
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TABLE I 


THE ORGANIZATION OF EXPERIMENTS 1, 2, AND 3 











2-C'-adenine, dosage per rat 








Interval 
Mg. free between Specific 

Combined adenine per No. injections, activity, Total c.p.m. 

Expt. No. No. rats weights, g. injection injections hr. adeninet administered 
1 3 758 4.3 (in serum) 4 24 1,277 75,500 

2 2 692 7.2 (in serum) 7 12 4,540 499 ,000 

4.7* (in serum) 1 
3 3 602 3.62 (in water) 8 12 7,735 672,000 





*Final dose for both animals. 
tc.p.m. per mg. of adenine. 


rat serum. In the third experiment the specific activity of the adenine was 
sufficiently high to permit the use of smaller doses, and the purine was admin- 
istered as an aqueous solution of the free base. The doses of adenine, time 
intervals between injections, and other pertinent data for the three experi- 
ments are summarized in Table I. After receiving the labelled adenine by 
intraperitoneal injection, the rats were placed in the metabolism apparatus 
which has been described by Zbarsky and Wright (28). This apparatus is 
large enough to accommodate a group of three rats, and permits the separate 
collection of urine, feces, and expired carbon dioxide for any desired period. 
At the end of each experiment the animals were anesthetized, killed by 
bleeding, and the viscera were excised. 

Isolation of Nucleic Acid Purines 

The nucleic acid purines were obtained by hydrolysis of the mixed nucleic 
acids of the pooled viscera of each group of rats. The pooled organs 
(stomach, intestine, liver, spleen, and testes) were homogenized, defatted, 
and dried as described by Brown et al. (9), and the mixed nucleic acids were 
extracted from the resulting tissue powder with hot sodium chloride (23). 
In experiments 1 and 2, the sodium nucleates were hydrolyzed and the 
purines isolated as adenine picrate and guanine sulphate by the methods 
of Plentl and Schoenheimer (23). After conversion to the free bases the 
identity and purity of the purines were established by paper chromatography 
using the fert-butanol — hydrochloric acid solvent of Smith and Markham 
(26). The purine areas on the chromatograms were located using a modi- 
fication of the ultraviolet photographic technique of these authors (16). 
For this purpose a low pressure germicidal lamp (G.E. 15 watt Germicidal 
lamp) was found to be a very satisfactory source of ultraviolet light. In 
experiment 3 the nucleic acids were hydrolyzed in N hydrochloric acid (16), 
and the purines isolated by ion-exchange chromatography on Dowex-50 (1). 
The purines were determined by conventional ultraviolet spectrophotometric 
techniques. 
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Respiratory Carbon Dioxide 


In each experiment the expired carbon dioxide was collected by being 
trapped in sodium hydroxide solution for successive 12 hour periods, beginning 
with the first injection. Barium carbonate was precipitated from aliquots 
of the alkaline solution and assayed for radioactivity. 


Urine Analyses 


Urine was collected for successive 24 hour intervals during the experiments 
and the following analyses performed on each sample: 

(a) Total radioactivity and urea.—The total radioactivity present in the 
urine and that excreted as urea were determined by the methods described 
by Zbarsky and Wright (28). f 

(b) Allantoin.—In experiments 1 and 2, allantoin was isolated from each 
collection of urine (9) and its specific activity determined. Because this 
isolation was far from quantitative no estimate was obtained of the total 
radioactivity present as allantoin. In experiment 3, therefore, after samples 
of each urine collection had been removed for determination of total radio- 
activity and that present as urea, the urines were pooled and the total allantoin 
content was determined by the method of Young and Conway (27). Allantoin 
was then isolated from aliquots of the pooled urine and its specific activity 
measured. From these values the total radioactivity present as allantoin 
was calculated. 

(c) Adenine and uric acid.—Determinations of urinary radioactivity in 
experiments 1 and 2 indicated that a significant fraction was present in some 
form other than allantoin or urea. Preliminary countercurrent distribution 
studies with the pooled urine from experiment 3 provided some evidence that 
radioactive adenine and uric acid might be present. These radioactive purines 
were then isolated from the urine using the carrier technique. Known amounts 
of unlabelled adenine and uric acid (100 mg. of each) were added in solution 
to a portion of the pooled urine. Magnesia mixture was added to the urine 
(14) and the resulting precipitate removed by filtration. The purines were 
precipitated from the filtrate as their silver salts by adding ammoniacal silver 
nitrate solution (2). The silver salts were collected and decomposed with 
dilute hydrochloric acid (2), and the purines were isolated by ion-exchange 
chromatography on a 1 cm. X 8 cm. column of Dowex-50 resin, 200-400 
mesh, H+ form. Using 0.1 N hydrochloric acid as the first eluant, uric acid 
was not retained by the resin and appeared in the first several eluate fractions. 
Adenine was then recovered from the column by elution with 2.5 N hydrochloric 
acid. Aliquots of solutions of each purine were then evaporated to dryness 
and the residues were oxidized to carbon dioxide, which was counted as 
barium carbonate. 


Results 


The expected conversion of the injected 2-C'-adenine to nucleic acid 
purines is shown in Table II. For purposes of comparison among the three 
experiments the results are expressed in terms of relative specific activity 
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TABLE II 


RADIOACTIVITY OF NUCLEIC ACID PURINES ISOLATED FROM VISCERA OF RATS 
RECEIVING 2-C-ADENINE BY INTRAPERITONEAL INJECTION 














Experiment 1 Experiment 2 Experiment 3 
7.5 X 10‘ c.p.m. injected 4.99 X 10° c.p.m. injected 6.72 X 105 c.p.m. injected 
Total c.p.m. R.S.A.* Total c.p.m. R.S.A.* Total c.p.m. R.S.A.* 
Adenine 80St 3.77 4760 7.73 22,680 6.51 
Guanine 347 0.91 4150 2.76 11,360 2.12 





is = . ‘ --. _ counts/min./millimole of isolated purine 
RSA. = Relative specific activity counts/min./millimole of injected adenine x Oe, 
{This sample was lost during purification. The figure reported was calculated from 
the specific activity of the combined nucleic acids, using the analytical data of Plentl and 
Schoenheimer (23). 





TABLE III 


RADIOACTIVITY IN URINE OF RATS RECEIVING 2-C-ADENINE BY 
INTRAPERITONEAL INJECTION 








Radioactivity in urinary components 
% of injected 








Experiment C™ excreted in % of total Specific activity 

No. urine Compound urinary C4 c.p.m. per mM. 

1 28.4 Urea 12.8 1.5" 
Allantoin — 3,400* 

2 28.5 Urea 1.5 po RP pe 
Allantoin — 34, 900* 

3 24.9 Urea 1.6 24.6* 
Allantoin 60.2 30,355 
Adenine 11.8 — 
Uric acid 72 — 





*Urine was collected under toluene for successive 24 hour periods after the initial injection 
and analyses made separately on each sample. These data are averages of the four sets of 
analyses. 


(R.S.A.). In experiment 3, where the isolation of the purines was approxi- 
mately quantitative, the radioactivity present in the visceral nucleic acid 
purines accounted for 5.1% of the administered adenine. 

The results of radioactivity determinations on the urine are presented in 
Table III. In each experiment a large proportion (25-28%) of the injected 
radioactivity was excreted in the urine. Of particular significance was the 
presence of radioactivity in the urea which suggested that there had been 
in vivo oxidation of carbon 2 of the adenine to carbon dioxide. From the 
results of experiment 3, it was concluded that the major radioactive component 
in the urine was allantoin. The relatively high specific activity of this 
excreted compound suggested that it was the principal catabolite of the 
injected adenine. Adenine and uric acid also accounted for a significant 
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TABLE IV 


C4 CONTENT OF CARBON DIOXIDE EXPIRED BY RATS RECEIVING 2-C™4-ADENINE BY 
INTRAPERITONEAL INJECTION 




















Experiment 2 (4.99 « 10° Experiment 3 (6.72 « 10° 
counts injected) counts injected) 
Collection —— —- 
period, Total Specific activity, Total Specific activity, 
hr. c.p.m. < 107* c.p.m./mg. C c.p.m. X 107% c.p.m./mg. C 
0-12 2.25 0.68 18.6 4.03 
12-24 1.65 0.38 YP: 0.44 
24-36 3.0 0.73 18.4 3.63 
36-48 4.5 0.91 1.8 0.33 
48-60 12.0 3.03 2.6 0.53 
60-72 5.75 0.99 2.3 0.37 
72-84 6.25 1.02 4.1 0.77 
84-96 7.0 1.46 13.3 1.96 
Total c.p.m. 42.4 X 108 63.3 X 108 
Percentage of 
administered C'# 8.5 9.4 





fraction of the urinary radioactivity. In experiment 3, 74.5% of the radio- 
activity in the urine was present as allantoin, adenine, and uric acid, 
corresponding to 18.5% of the injected C™. 

Examination of expired carbon dioxide in experiment 1 indicated the 
probable presence of radioactivity but because the activities of the barium 
carbonate samples were very close to background, extremely long counting 
times would have been necessary in order to obtain significant counts. 
Adenine of a higher specific activity was employed in experiments 2 and 3 
and this resulted in measurable activities in the expired carbon dioxide, as 
shown in Table IV. Although the specific activities of the carbon dioxide 
were low, the total radioactivity excreted by this route accounted for 8.5% 
and 9.4% of the injected adenine respectively.* The variations in total 
C™ content of the individual carbon dioxide collections are unexplained and 
bear no apparent relation to the specific or total radioactivity of urinary 
urea for the corresponding intervals. 


Discussion 


The incorporation of 2-C'-adenine into nucleic acid adenine and its 
conversion to nucleic acid guanine confirms similar observations made with 
adenine labelled in other positions (4, 8,9, 18). Under the conditions of the 
present experiments the major excretory product of 2-C'-adenine was allantoin, 
which represented 60% of the radioactivity in the urine in experiment 3. 
The presence of adenine and uric acid suggested that other purines derived 
from adenine, such as 2,8-dioxyadenine (15, 22), may account for some of the 


*In more recent experiments using larger doses of labelled adenine, Zbarsky and Tomlinson 
(unpublished results) have found 18-22% of the injected C™ in the expired carbon dioxide. 
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undetermined radioactivity in the urine. According to the present under- 
standing of purine metabolism in the rat, conversion to allantoin is the 
predominant fate of the oxypurines (7). After deamination to oxypurines 
the aminopurines are catabolized via hypoxanthine, xanthine, and uric acid 
to allantoin. In instances where excessive amounts of adenine are adminis- 
tered, conversion to 2,8-dioxyadenine may occur (15, 22). Degradation of 
allantoin occurs in lower animals, but this does not appear to take place in 
the rat, as indicated by the observations of Brown et al. (9) that only a minute 
percentage of the nitrogen of urea was derived from 1,3-N"-adenine, and the 
finding that 4-C'-guanine (4) and 8-C™-adenine (18) do not yield radioactive 
carbon dioxide. It has been assumed, on the basis of this evidence, that the 
atoms of the purine ring are not extensively catabolized with the exception 
of carbon 6, which is lost as carbon dioxide in the conversion of purines to 
allantoin. 
The metabolic oxidation of carbon 2 of adenine has not been described 
previously. The occurrence of a symmetrical intermediate in the biological 
oxidation of uric acid to allantoin (9) makes the ureide atoms of allantoin 
(originally purine atoms 1, 2, 3 and 7, 8, 9) equivalent with respect to isotope 
distribution. From this observation and the results of the experiments cited 
above on 1,3-N- and 8-C'*-adenine, it may be concluded that the ureide 
groupings of allantoin are stable and do not give rise to urea. The evidence 
suggests that the oxidation of the 2-position of adenine to carbon dioxide 
occurs prior to the metabolic conversion of adenine to allantoin. Adenine 
is readily incorporated into the purine nucleotides of the acid-soluble fraction 
of tissue (4-6, 17), and presumably from this pool into the nucleic acid purines 
(8, 13). It is reasonable to suspect that metabolic reactions leading to the 
production of CO, from 2-C'-adenine would occur at the free nucleotide 
level of adenine metabolism, rather than at the polynucleotide stage. The 
present results may be due to factors such as: 
(a) a lability of the adenine ring which permits an exchange type of reaction 
with some metabolite such as formate, which is readily oxidized (11); 

(6) conversion of 2-C'™-adenine to 2-C™-inosinic acid, in which form a 
formate exchange reaction of the type observed by Buchanan and 
Schulman (10) could occur. 

The present experiments cannot distinguish between these possibilities. 
The latter possibility is supported by known reactions, namely, the conversion 
of adenine to adenylic acid (18), the deamination of adenylic acid by 5’- 
adenylic acid deaminase to give inosinic acid (24), and the enzymatic exchange 
between formate and the 2-position of inosinate (10). However, the latter 
reaction was demonstrated in pigeon liver where inosinic acid metabolism is 
particularly prominent, and may be of lesser importance in other animals. 
Some evaluation of the activity of adenylic acid deaminase and of the extent 
of the inosinate-formate exchange reaction in the rat is necessary before the 
present results can be properly interpreted. 
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Summary 


Following intraperitoneal administration of 2-C'*-adenine to rats in a 
series of injections extended over a period of 4 days, C'*-labelled adenine and 
guanine were isolated from the visceral nucleic acids. During the period 
of the experiments, 25—28.5% of the injected radioactivity was excreted in 
the urine. Allantoin was found to be the major radioactive urinary constituent 
and significant amounts of radioactive adenine and uric acid were shown to be 
present also. The respiratory carbon dioxide contained significant amounts 
of radioactivity, as did urinary urea. In two experiments 8.5—-9.4% of the 
injected radioactivity was excreted in the expired air over the 4 day period 
of the experiments. These findings are in contrast to those of others in 
which it has been shown that carbon 8 of adenine is not excreted as urea or 
as respiratory carbon dioxide. Possible mechanisms by which carbon 2 of 
adenine may be catabolized to carbon dioxide have been discussed. 
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A METHOD OF ISOLATION OF PROTEINS FROM 
DILUTE SOLUTIONS! 


T. Wess,? A. H. SEHON, and B. Rose 


Abstract 


A method has been developed for the concentration of dilute solutions of 
biocolloids. It consists of the removal of water by pervaporation and the 
simultaneous removal of salts and other low molecular weight materials by 
dialysis. A dilute solution of serum (2 ml. of serum per liter of 0.9% sodium 
chloride solution) of known composition was used to test the efficacy of the 
method. The electrophoretic patterns of the reconstituted serum protein 
solutions were compared with those of the untreated sera. The total recovery 
of biocolloids from such solutions was about 73% and the electrophoretic 
patterns obtained were similar to those of the untreated sera. The method is 
reasonably simple, rapid, and compares favorably with other methods used for 
the concentration of biocolloids. It has also been employed in the concentration 
of biocolloids of normal human urine. 


Many biological fluids contain proteins and other high molecular weight 
materials in very low concentrations. In order to characterize these 
materials by such methods as electrophoresis, ultracentrifugation, or immuno- 
chemical techniques, they must first be concentrated. The conventional 
schlieren method in electrophoretic or ultracentrifugal analysis usually requires 
solutions containing about 1 gram per cent of the high molecular weight 
materials. For optimal results in immunization experiments and for paper 
electrophoresis, solutions of even higher concentrations are required. 

Biological fluids have been concentrated by the application of ultrafiltration 
(1), dialysis against concentrated solutions of water-soluble macromolecules 
(e.g. dextran, polyvinylpyrrolidone, gums), pervaporation, lyophilization, 
and precipitation with salts or solvents of low dielectric constant. A critical 
evaluation of the inherent difficulties and limitations associated with all 
these methods when applied to the concentration of dilute protein solutions 
has recently been published from this laboratory (2). In the present study 
a more simple and more effective method has been developed. It consists 
of the removal of water by pervaporation through standard Visking tubing 
combined with the simultaneous removal of salts and other low molecular 
weight materials by dialysis. The method has been evaluated by concen- 
trating dilute serum protein solutions of known composition in saline and 
has been employed in the concentration of normal human urine. 


Experimental 


The apparatus used is shown in Fig. 1. It consisted of a round bottom 
2-liter flask, F, which served as a reservoir for the solution to be concentrated 
(hereinafter referred to as the fluid) and two dialysis bags of standard Visking 


1Manuscript received August 15, 1956. 
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Fic. 1. Diagram of the apparatus used in the concentration of dilute solutions. 
(M represents mercury manometer and CP refers to cotton plug, other symbols are 
explained in the text.) 


tubing (bag v, size 18/32 in. and bag V, size 1} in.). The volumes of the 
two bags v and V were 80 ml. and 200 ml. respectively. The reservoir F 
was partially immersed in a water bath. The Visking bags were suspended 
in a box so that half the length of each was exposed to a stream of dry air* 
and the other half immersed in an 8 liter dialysis jar containing either distilled 
water or a salt solution of known ionic concentration. To prevent evaporation 
of liquid from the dialysis jar the latter was covered with a lid (L) provided 
with rubber gaskets. The Visking bags were passed through holes bored in 
the lid and were held by rubber gaskets. The fluid was continuously forced 
through rubber tubing into the Visking bags by gas pressure from a nitrogen 
tank (Nz). The temperature of the water bath and dialysis jar was main- 
tained between 5—10° C. by the use of cooling coils. The dialysis fluid was 
stirred by a magnetic stirrer, MS. 

All parts of the apparatus which came in contact with the fluid, including 
the Visking bags, were first sterilized by autoclaving. The fluid was passed 
into the reservoir through a Seitz filter connected at C;. The Seitz filter was 
then removed and clamp C; was closed. Pressure was applied from the nitro- 
gen tank and the fluid was forced into the Visking bags. The pressure of 
nitrogen was about 10 cm. of mercury above atmospheric. The air which 
was trapped in the rubber tubing and Visking bags was allowed to escape 


*The stream of dry air was available from a compressor. 




















WEBB ET AL.: BIOCOLLOIDS 65 


through an outlet C; at the top of the larger bag V. The air jets were turned 
on and the process of pervaporation was allowed to continue until the reservoir 
was empty. The contents of the larger bag V were then siphoned back into 
the reservoir F by releasing the pressure and raising the lower end of bag V. 
Bag V was disconnected by closing clamp C2. The pressure was then reapplied 
and the process continued using the smaller bag v only. After reduction of 
the fluid volume in bag v to about the level of the lid Z, the Visking tubing 
was shortened by displacing the liquid from the lower end and knotting the 
tubing. The bag was resuspended with half its length in the dialysis fluid. 
This process of shortening the bag was repeated until the desired volume had 
been attained. The bag v containing the concentrated fluid was then removed 
with the fluid being kept sterile. The time required for the concentration 
of 2 liters of dilute fluid to 10 ml. was about 48 hours. 

A Spinco model H Tiselius apparatus was used for free electrophoresis. 
Veronal buffer (pH 8.6, ionic strength 0.1) was used throughout. The 
methods of dialysis of samples prior to electrophoresis, of filling the cells, 
and of compensation, and the method of calculation of electrophoretic 
mobilities and the relative concentrations of the electrophoretically separable 
components have been described previously (2, 4). The total protein was 
calculated on the basis of the schlieren diagrams. The surface area comprised 
between the refractive index gradient curve and the base line was calibrated 
for different protein concentrations and for different angles of the knife edge 
by using solutions of known concentrations of human serum albumin and 
human serum ‘y-globulins as standards. 

In order to test the efficacy of the method, experiments were performed 
using a dilute solution of normal serum (2 ml. of serum per liter of 0.9% NaCl 
solution) as a reference standard. Two liters of this dilute serum solution 
were concentrated to a volume of 15 ml. and the electrophoretic pattern of 
the reconcentrated solution was compared with that of the original serum. 
To test the effect of the salts present in the dialysis solution on the recovery 
of the proteins, solutions of different ionic concentrations were used. 

To test any specific effect of our method on lipoproteins, a nephrotic serum, 
rich in lipoproteins, was used as a reference standard in one experiment, 
and a sample of defatted normal human serum* was used in another. 

The method was also applied to the concentration of aliquots from a large 
pool of normal human urine.t Before being concentrated the urine was 
filtered through Whatman No. 1 filter paper or centrifuged for 30 minutes 
at about 500 g to remove formed elements and urates which had precipitated 
in the cold. 

*The serum was defatted by the method of Zeldis et al. (6). 

tBecause of the pigments associated with the urinary proteins, a tungsten lamp, a red 
filter (Kodak Wratten No. 29), and spectroscopic plates (Kodak U-II) were used for recording 
the schlieren patterns obtained on electrophoresis of the concentrated urine in lieu of the 


standard mercury lamp, green filter (Kodak Wratten No. 77), and Kodak Contrast Process 
Panchromatic film normally employed. 








66 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 35, 1957 














Le i207 ASCENDING } sa 


= UNTREATED NORMAL SERUM ee 











Le i279 ASCENDING | | DESCENDING 





= RECONSTITUTED NORMAL SERUM a 
Fic. 2. Electrophoretic patterns of untreated normal serum (top) and the same 
serum (bottom) after diluticn with saline and reconstitution by pervaporation and 
dialysis. 
Results 

A. Dilute Serum in Saline 

All material concentrated by the application of this method for dilute 
serum solutions was soluble in veronal buffer. A typical electrophoretic 
schlieren pattern of the reconcentrated serum protein solution using 0.9% 
saline as dialysis fluid is given in Fig. 2. For comparison, the electrophoretic 
pattern of the untreated serum is also shown in Fig. 2. As can be seen, five 
electrophoretically distinct components were recovered from the dilute serum 
solutions. Moreover, the ‘‘B-anomaly’’, usually present in the descending 
pattern of fresh human sera, was also reproduced in the reconcentrated serum 
protein sample. The electrophoretic mobilities of the various components of 
the reconcentrated sera are given in Table I and are compared with the 
electrophoretic mobilities for the albumin and globulin components of un- 
treated sera. The components of the reconcentrated solutions had mobilities 
which corresponded to those of the components of the original serum. The 
percentage recovery of the total protein, the relative percentage, and the 
absolute amounts of the various recovered components are given in Table II. 
For comparison the corresponding values for the untreated sera are also given. 
The average recovery of the total proteins in four experiments using 0.9% 
saline as dialyzing medium was 73%. As can be seen (Table II), dialysis 
against 0.45% saline during reconcentration gave similar results to those 
obtained with dialysis against 0.9% saline. In general, there was an increased 
proportion of albumin in the recovered serum as compared to that in the 
untreated serum. This suggests that there was a relatively smaller loss of 
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TABLE I 


ELECTROPHORETIC MOBILITIES* OF THE COMPONENTS OF UNTREATED 
SERA AND OF SERA RECOVERED FROM SALINE SOLUTIONST 











Expt. % 
No. Serum proteint Albumin Alpha: Alphas Beta Gamma 
Reconstituted with dialyses against 0.9% saline 
1254 U.S.-1 1.02 6.20 5.16 4.05 3.10 1.30 
1253 R.S.-1 1.35 6.45 5.23 4.12 3.21 1.34 
1279 R.S.-1 0.86 6.75 5.37 4.19 3.50 1.43 
1289 R.S.-1 0.91 6.44 $.24 4.23 3.44 1.44 
1450 U.S.-4 1.05 6.40 3.33 4.25 3.32 1.48 
1449 R.S.-4 0.97 6.30 5.15 4.08 3.44 1.32 
Reconstituted with dialyses against 0.45% saline 
1254 U.S.-1 1.02 6.20 5.16 4.05 3.10 1.30 
1280 R.S.-1 1.03 6.53 5.44 4.26 3.44 1.44 
1282 R.S.-1 0.93 6.85 5.65 4.31 3.57 1.53 
Reconstituted with dialyses against distilled water 
1287 U.S.-2 0.96 6.35 5.39 4.15 3.26 1.44 
1276 RS.-2 0.71 6.55 5.43 4.08 om 1.51 
1272 R.S.-2 0.95 6.46 5.45 4.07 — 1.73 
1425 U.S.-3 1.03 6.21 3:0 4.06 3.22 1.25 
1426 R.S.-3 1.03 6.64 5.45 4.15 3.39 1.59 
Reconstituted with dialyses against 0.9% saline 

1306 U.NeS. 1.02 6.29 5.29 4.10 3.56 1.42 
1307 R.Ne.S. 0.99 6.26 5.15 4.13 3.19 1.44 
1286 D.F-.S. 0.96 6.52 5.37 4.13 3.48 1.48 
1299 R.D.F.S. 0.61 6.76 5.61 4.25 3.54 1.61 











*These values have been divided by —10~ cm.? per second per volt. 

tMobilities of the components recovered from dilute saline solutions of normal serum 
(R.S.) are compared with those of the original untreated normal serum (U.S.). Mobilities 
are also given for the components recovered from dilute saline solutions of a nephrotic serum 
(R.Ne.S.) and of a defatted normal serum (R.D.F.S.) and are compared with the mobilities 
of the original sera (U.Ne.S. and D.F.S.). 

{Protein concentration in Tiselius cell as determined refractometrically. 


albumin compared to the loss of the globulins during reconcentration. The 
globulins most affected appeared to be the a- and B-globulins since only 
about 55% of the former and 40% of the latter were recovered (see Table II). 
The recovery of the B-globulins was even poorer when the dilute serum 
solutions were dialyzed against distilled water during the reconcentration 
process (Table II). In two cases, experiments 1272 and 1276, components 
with mobilities corresponding to those of B-globulins were recovered only in 
minute amounts. Correspondingly, the components with mobilities of a- 
and a@-globulins were present in larger amounts in the reconcentrated serum 
than in the original serum. 7 

The reconcentrated nephrotic serum showed a great loss of components 
corresponding to B-globulins with an accompanying increase of the components 
with mobilities of a:-globulins. On the other hand, reconcentration of the 
defatted serum resulted in a better recovery of B-globulins as compared with 
any of the other globulins (see Table II). 
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Fic. 3. Electrophoretic patterns of normal human urine concentrated by 
pervaporation and dialysis. The various peaks have been labelled according to the 
standard nomenclature used for serum proteins. Duration of electrophoresis: 154 
minutes at 16 ma. and 7.02 volts per centimeter. 





B. Urine 

A typical electrophoretic pattern of the proteins of normal human urine 
concentrated 100-fold, with dialysis against 0.9% saline, is shown in Fig. 3. 
A sample reconcentrated with dialysis against distilled water gave rise to an 
almost identical electrophoretic pattern. The various components are not 
well differentiated by electrophoresis, considerable overlapping occurring 
between adjacent peaks. However, on the whole, the mobilities of the various 


peaks fall within the range of mobilities corresponding to those of the normal 
serum components. 


Discussion 


One of the major problems encountered when concentrating dilute solutions 
of unknown composition is that it is almost impossible to establish whether 
the method of concentration is responsible for any alteration of the native 
material. The recognition of these difficulties prompted us to use a dilute 
serum solution of known composition as a standard of reference for the 
development of a simple and efficient method for concentrating dilute solutions 
of biological materials. Electrophoretic characterization was used as a 
criterion for the identity of the proteins in the reconcentrated solutions as 
compared with the original serum proteins. 

All serum solutions reconcentrated by pervaporation with simultaneous 
dialysis against saline were clear and there was no apparent insoluble residue 
produced at any stage. As is well known, a dry, often insoluble film of 
protein is formed on the walls of the Visking tubing in the course of pervapora- 
tion as ordinarily performed without concomitant dialysis. Such losses of 
protein were minimized with the present procedure since the Visking bags 
were completely filled with the fluid throughout almost the whole concentration 
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process. However, it is possible that small losses due to absorption of protein 
in the interstices of the Visking membrane did occur. The use of sterile 
technique throughout the whole procedure is recommended in order to avoid 
possible degradation of material by bacteria. 

The maintenance of an optimal electrolyte content during the process of 
concentration is essential. In the present experiments dialysis against 0.45% 
to 0.9% saline solutions was adequate. Too high aconcentration of electrolyte 
would probably lead to a serious denaturation of proteins, as has been shown 
by Slater and Kunkel (5) in their attempt to concentrate proteins in normal 
urines by lyophilization. The materials isolated by these workers failed to 
dissolve and could not be further characterized by electrophoresis. The 
results of our experiments using distilled water as the dialyzing medium 
indicate that the complete removal of salt causes drastic changes in the serum 
B-globulins, which contain a large proportion of the serum lipoproteins. It 
seems likely that the serum lipoproteins are altered, at least with respect to 
their electrophoretic properties, merely on dilution with saline. This 
hypothesis is supported by the results obtained previously in this laboratory 
with different methods for concentrating dilute serum protein solutions (2). 

Whilst it was desirable to keep the surface of the Visking tubing to a 
minimum in order to decrease the losses due to absorption of the proteins, 
a compromise had to be made to provide an adequate surface for a sufficiently 
high rate of pervaporation. Application of pressure actually enhanced the 
rate of concentration by increasing the rate of diffusion of water out of the 
bags and by compensating for the difference in colloidal osmotic pressure 
between the fluid inside the Visking bag and the dialysis solution. 

The results obtained with this method indicate its applicability to the 
handling of relatively large volumes of biological fluids of very low protein 
concentration (100-200 mg./l.). The method described is simple, mild, 
reasonably rapid, and is, in our opinion, to be recommended for the concentra- 
tion of dilute solutions of labile biological materials of high molecular weight. 
It compares favorably with the other commonly used methods (see Ref. 2) 
as regards recovery and time expended, and dispenses with the necessity of 
using expensive equipment and chemicals. Preliminary results on 24-hour 
samples of normal human urine indicate that the recovery of proteins by 
this method is higher than by other methods previously used (2, 3). 
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STUDIES ON ALDOSTERONE 


I. ISOLATION FROM ADRENAL CORTICAL EXTRACT 
AND A TEST FOR ITS IDENTITY! 


ALLAN G. GORNALL AND CYNTHIA GWILLIAM 


Abstract 


Details are given of a method which has proved very satisfactory for the 
isolation of aldosterone from commercial aqueous adrenal cortical extracts. 
The hormone was extracted with chloroform and separated by chromatography 
in the following systems: System I, benzene: 5% ethyl acetate/methanol: water; 
System II, toluene/propylene glycol; System III, benzene: 10% ethyl acetate/ 
methanol: water. Identification of the isolated steroid was provided by: U.V. 
absorption, acetylation followed by chromatography, bio-assay, qualitative 
tests with blue tetrazolium and phenylhydrazine, absorption spectra in sulphuric 
and phosphoric acids, and crystallization. Quantitative estimations were 
made by U.V. absorption and the dinitrophenylhydrazine reaction. The latter 
method has been shown to exhibit with aldosterone a characteristic behavior that 
can assist in establishing the identity of this hormone. The yield from the 
extract principally employed was 4 wg. per ml. 


Simpson, Tait, and co-workers (7, 15) were the first to isolate from adrenal 
cortical extracts the potent salt-retaining steroid hormone later named 
‘aldosterone’ (13). With the very small amounts of pure hormone made 
available to a few biological and clinical investigators a good deal has been 
learned, but countless experiments have had to be deferred. We have 
investigated methods for isolating, identifying, and measuring aldosterone 
(5) and also the effects of the pure hormone when injected into rats. Results 
of the first part of this work are reported here. 


Isolation of Aldosterone From Adrenal Cortical Extract (A.C.E.) 


The extract employed was an aqueous preparation from beef adrenal glands, 
mainly Lot No. 153-2, supplied by Connaught Laboratories, University of 
Toronto. This batch, stated potency 30 dog units per milliliter, had developed 
a slight sediment, was unsuitable for dispensing in ampoules, and was made 
available to us through the co-operation of Dr. G. A. MacVicar. 


Solvents Used 


Chloroform Merck, Reagent Grade, distilled and restabilized with 
ethyl alcohol. 
Methanol Fisher, Certified Reagent. Distilled twice, first time 


with 1 g. of 2,4-dinitrophenylhydrazine and a drop of 
sulphuric acid added per liter. 


Benzene Merck, Reagent Grade, distilled. 

Propylene glycol _—__ British Drug Houses, Laboratory Reagent. 

Toluene British Drug Houses, Laboratory Reagent. 
(sulphur free) 

Ethyl acetate British Drug Houses, Analar, distilled. 


1Manuscript received July 31, 1956. 
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Extraction 


Portions of the adrenal extract (usually 120 ml.) were extracted in a 
separatory funnel first with a double volume and then thrice more with equal 
volumes of chloroform. These extracts were combined, washed with 1/10 
volume of 5% sodium carbonate and 1/10 volume of water. Each of the 
washes was back-extracted with equal volumes of chloroform. The combined 
extract and back washings were taken to dryness in vacuo. When the 
dinitrophenylhydrazine (DNPH) reaction (6) was applied to a portion of 
the residue, the total corticosteroids measured on the average about 140 yg. 
per milliliter of A.C.E. extracted. 


Chromatography 


Whatman No. 1 filter paper, cut from 6 in. wide rolls, was cleaned in a 
chromatography cabinet by allowing a solvent mixture (300 ml. methanol, 
300 ml. water, 350 ml. benzene) to flow downward through it, followed by 
500 ml. of water. The sheets were dried, without being moved, by ventilating 
the cabinet. 

The chloroform residue was dissolved in a minimal amount of methanol 
and a portion equivalent to 60 ml. of A.C.E. applied to each of two paper 
strips 14 cm. wide and 60 cm. long, the starting line being 12 cm. from one 
end. The papers were then equilibrated and run at room temperature 
(24-25° C.) for 5—6 hours in the B; system of Bush (3) modified by the addition 
of ethyl acetate (12). System I, benzene: 5% ethyl acetate/methanol: 
water (2/1:1). Cortisone (E) and cortisol (F) standards were run at one 
edge of the strip. 

The paper was dried, placed on a sheet of Standard Kodagraph Contact 
paper and exposed to U.V. light. We used a G.E. 15 watt germicidal lamp, 
5 ft. distant, 8 second’s exposure. After development, the chromatogram was 
aligned with the photograph and the area between the E and F standards 
cut out and eluted overnight in 150-200 ml. of methanol. If this initial 
separation was not well defined the eluted band was rerun in system I, 
applying approximately 2 mg. of U.V. absorbing material to each 14 cm. 
width of paper. The material from the ‘aldosterone area’ was then applied 
to 2 cm. wide paper strips (approximately 100 wg. per strip) along with some 
E standard. The strips were impregnated with propylene glycol: methanol 
(1:1) and run for about 96 hours in system II, the toluene/propylene glycol 
system of Zaffaroni et al. (18, 2, 17, 16). 

Aldosterone travels slightly faster than the E standard in system II. The 
band in this area, including a little of the E band, was cut from each strip, 
eluted with methanol, and then run for 5 hours in system III; Bush’s B; 
system modified this time by adding 10% ethyl acetate to the benzene. 
Not more than 50 wg. of U.V. absorbing material were applied per centimeter 
width of paper. Separate paper blank, standard, and ‘pilot’ strips of equal 
width were also run, the standard containing E and aldosterone (AL), the 
pilot strip E and a small portion of the aldosterone band. 
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The position of the aldosterone band was established from the relative 
positions of E and AL on the standard strip and the E spot on the pilot strip. 
If the aldosterone spot did not appear to be symmetrical about its expected 
position the bands were eluted and rerun in system III. The general location 
of the bands in these chromatograms is illustrated in Fig. 1. 


Identification of Aldosterone 


Evidence for the identity of the aldosterone was obtained in the following 
ways: 

(a) U.V. absorption.—Fig. 2, curve A, shows the spectral distribution curve 
of aldosterone in methanol as read in the Beckman DU spectrophotometer; 
the symmetry of the peak centered on 240 my provides some indication of 
the purity of the material. 

(b) Acetylation.—The steroid was treated with acetic anhydride and pyridine 
at 47° C. for 24-48 hours and the product applied to paper impregnated with 
propylene glycol: methanol (1:1). The running rate in hexane/propylene 
glycol (16) showed a ratio for 11-dehydrocorticosterone acetate/aldosterone 
acetate of 1.29 + 0.04, identical with that of a similarly treated sample of 
crystalline aldosterone kindly supplied by Dr. V. R. Mattox. 

(c) Bio-assay.—With the co-operation of Dr. D. Kumar three separate lots 
of the isolated free compound were tested in a rat bio-assay modified slightly 
from the methods of Spencer (14) and Johnson (8). The adrenalectomized 
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Fic. 1. Illustrates the nature of the chromatograms in systems I, I repeated, II, 
and III. Shaded areas show location of U.V. absorbing bands. S, starting line. 
Dotted lines indicate aldosterone areas that are cut out and eluted. 
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Fic. 2. Spectral distribution curves in the ultraviolet for the aldosterone isolated 
from adrenal cortical extract. A, before, and B, after crystallization. 


animals were given a saline load intraperitoneally and the K/Na ratio of the 
urine was determined by flame photometry. The results indicated a potency 
averaging 50 times that of desoxycorticosterone. 

(d) Other tests——The material was shown to give a positive blue tetrazolium 
reaction (2) and a negative Porter—-Silber reaction (11). The absorption 
maximum in sulphuric acid was at 290 my (13) and in phosphoric acid at 
275 my (10), which agreed with reported data. 

(e) Crystallization Approximately 135 yg. of aldosterone obtained as 
above were placed in a 15 ml. centrifuge tube and dissolved in a few drops 
of ethyl acetate. The solution was transferred to a capillary tube and one 
drop of petroleum ether (b.p. 60-80° C.) added before the solution was placed 
in the deep freeze overnight. Crystals formed which, under the microscope, 
appeared as rosettes of blades (9). After centrifuging of the capillary, the 
solvent was removed and the crystals dissolved in methanol. The U.V. 
absorption curve of this material is shown in Fig. 2, curve B, and differs very 
little from that obtained before crystallization. 


Quantitative Estimation 


Since the quantities of aldosterone obtained were too small for accurate 
weighing, it was decided to measure the hormone by the U.V. absorption of 
its A*-3 ketone group, using an extinction coefficient value of 16,010. Solutions 
of the isolated aldosterone in methanol were prepared, ranging in amount 
from 1-13 yg./ml. as calculated from the formula 


optical density X molecular weight X 1000 
molar extinction coefficient 





conc. (ug./ml.) 


Readings were made in the Beckman DU spectrophotometer at wave lengths 
of 235, 240, and 245 my, and a standard curve was prepared by using the 
formula 


ODeu = ODao35 ‘ ODzs (1). 
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TABLE I 
A.C.E. DNPH, Ratio, % 
run J.V. ug./ml. 59°, 90 min. O.D 5 min., 20° C. 
No. peak A.C.E. \ max. = 60 min., 59° C. 
1 239 4.68 460 (free) 50 
460 (acetate) 
2 239 4.13 460 (free) 
460 (acetate) 46 
3 240 4.55 460 53.5 
4 239.5 4.43 455-460 53 
5 240.5 3.99 -- — 
6 240 3.99 465 51 
7 240 3.08 a= — 
8 240 4.13 — — 
9 240 3.64 465 Ls 
10 240 3.79 455 56 
Average 240 4.04 460 51.7 





This curve was used for most of the aldosterone determinations reported in 
Table I, column 3; a paper blank prepared from the blank strip of the final 
chromatogram was adjusted to zero optical density. 

Aldosterone isolated by the procedure described has amounted on the 
average to approximately 4 wg. per milliliter of A.C.E. Although this 
represents only 3% of the DNPH reacting material applied to paper, it is 
sufficient to account for more than 90% of the salt-retaining effect of such an 
adrenal cortical extract and may indeed be mainly responsible for its thera- 
peutic value. 


Reaction of Aldosterone with DNPH 

The possibility of utilizing the DNPH reaction for the measurement of 
aldosterone has been referred to briefly (4, 5). There are three carbonyl 
groups in aldosterone potentially capable of forming hydrazones (Fig. 3). 
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Fic. 3. Potential sites of hydrazone formation with aldosterone. In 5 minutes at 
20° C. the C-3 ketone reacts quantitatively yielding a monohydrazone. The product 
obtained after 90 minutes at 59° C. is probably mainly a mixture of C-3, C-20 and C-3, 
C-18 dihydrazones. 
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TABLE II 
5 min. at 20° C. 90 min. at 59° C. Ratio, % 
; € 475 mu 
Compound €475mu Amax €475 mp AX max 5/90 min. 
Methyl testosterone 18,700 450 18,880 450 99 
Progesterone 21,100 450 21,100 450 100 
Desoxycorticosterone 19,500 450 27,900 465 70 
Corticosterone 20,750 450 27,200 465 76 
Hydrocortisone acetate 17,500 450 45,300 475 39 
Aldosterone* 17 ,600 450 36,000 460 49 
Relative reactivity of groups eat 475 mu 
C-3 ketone At bond 18,200 450 19,000 450 
C-20 ketone, 21 hydroxyl 960 — 9,000 495 
C-18 aldehyde 0 as (8,000) (445) Estimated 





*Concentration calculated from U.V. absorption = 11.3 wM. The figures given in the 
table for aldosterone have been corrected to make them comparable with the extinction values 
previously reported (6). With the small quantities of aldosterone usually available, a 
semimicro modification, for use with standard cuvettes in the Beckman DU spectrophoto- 
meter, is recommended. Test tubes, 20 X 150 mm., are etched at 3.25 ml. volume. The 
sample and reagents are measured in 0.25 ml. volumes and the final dilution of the mixture to 
3.25 ml. is made with 95% instead of absolute methanol. Under these conditions aldosterone 
(16 samples) gave extinctions for the 5 minute, 20° C. reaction averaging 16,850 (S.D. + 550), 
for the 90 minute, 59° C. reaction averaging 32,400 (S.D. + 1100), a ratio for the 5/90 minute 
reactions of approximately 52%. 


The A‘-3 ketone reacts quantitatively in 5 minutes at 20° C., or at 59° C., 
and the C-3 hydrazone absorbs incident light maximally at 450 my. After 
90 minutes at 59° C. the C-20 ketone would be expected to react partially 
and its hydrazone, in the presence of a C-21 hydroxyl, to absorb maximally 
at 495 mu. The data obtained with aldosterone are recorded in Table II and 
show that the molar extinction coefficient is more than doubled by heating 
for 90 minutes. The difference in extinction coefficient between desoxy- 
corticosterone and aldosterone indicates that the C-18 aldehyde also reacts 
partially and apparently to about the same extent as the C-20 ketone. It 
is not yet clear whether under our conditions the trihydrazone can be formed; 
the presence of a hydrazine group at either the C-20 or C-18 position may 
possibly inhibit the reaction of the remaining carbonyl group. We have 
ascribed to the C-18 aldehyde an extinction contribution of approximately 
8000. 

In addition to its property of showing a twofold increase in optical density 
on heating, aldosterone shows a shift in absorption maximum from 450 to 
460 mu (Fig. 4). This can be explained most readily by assuming that the 
C-18 hydrazone absorbs maximally around 445 my, though at present no 
direct method of settling this point is available. These properties taken 
together are characteristic for the hormone aldosterone and have not been 
observed with any other steroid thus far tested. With an extinction coefficient 
of 36,000 quantities of 1-2 wg. can be measured, but a total of about 15 yg. 
are required for satisfactory identification of aldosterone by the DNPH 
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Fic. 4. Portions of absorption curves showing characteristic peaks. Curves 1, 2, 
3, and 4 were obtained after 90 minutes at 59° C. Curve 1, testosterone, 13.4 uM., 
peak 450 my; curve 2, tetrahydrocortisone, 11.4 uM., peak 495 my; curve 3, cortisone, 
7 uM., peak 475 my; and curve 4, aldosterone, 9.1 uM., peak 460 mu. Curve 5 shows 
the peak at 450-455 my when the same amount of aldosterone is examined after 5 
minutes at 20° C. and only the A‘-3 ketone has reacted. Equivalent amounts of 
testosterone or cortisone would give the same curve. 


reaction. In 10 routine isolations shown in Table I the peak of the absorption 
curve for the 90 minute reaction (column 4) fell between 455 and 465 my and 
the ratio of optical densities for the 5 minute and 90 minute reactions (column 
5) ranged from 46 to 56%. 
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79 
ON THE ANTIGENICITY OF INSULIN! 


P. J. MOLONEY AND L. GOLDSMITH 


Abstract 


On the basis of body weight, mice showed a higher percentage survival to 
large doses of insulin than did rabbits and these in turn were more resistant 
to insulin than guinea pigs. Antibodies to insulin were induced in five species 
of animals. Anti-insulins produced by the guinea pig, rabbit, sheep, and horse 
can each neutralize insulin extracted from the pancreas of the rabbit, sheep, 
horse, pig, ox, and monkey ( Macacus rhesus), but none of the four can neutralize 
insulin extracted from guinea-pig pancreas. Guinea-pig anti-insulin can 
neutralize endogenous mouse insulin; horse anti-insulin cannot. The problem 
of the relative effectiveness of insulin as an antigen is discussed. 


It has been shown by Moloney and Coval (5) that insulin injected 
parenterally can elicit antibodies in the guinea pig and sheep; that such 
antibodies can neutralize, im vitro, extracted insulins of a number of species; 
and that guinea-pig anti-insulin can neutralize the endogenous insulin of the 
mouse. 

This paper deals with anti-insulin production in the mouse, guinea pig, 
rabbit, sheep, and horse; with the problem of neutralization of endogenous 
insulin in the mouse; and with the relative effectiveness of insulin as an 
antigen. 


Materials and Methods 
Preparation of Antigen 
Insulin in Freund’s adjuvant was prepared as previously described (5) 
and injections were made subcutaneously. The maximum amount injected 
in one site was 0.5 ml. for mice, 1.0 ml. for guinea pigs, 2.0 ml. for rabbits, 
25 ml. for sheep, and 50 ml. for horses. In general, animals were inoculated 
at monthly intervals. 


Titration of Anti-insulin in Animal Sera 

Neutralizing activity of serum was tested by a mouse-convulsion procedure 
under the same conditions of temperature and mouse-starvation as are laid 
down for insulin assay (3). Undiluted serum or dilutions of serum in buffered 
saline were mixed with equal volumes of a solution of crystalline ox or pig 
insulin in acid water (pH 2.6) containing 0.2 units per milliliter (resulting pH 
6.0-7.5). A group of six starved mice was used to test each mixture. Each 
mouse was injected with 0.5 ml. When a mixture contained insulin plus 
normal serum or buffered saline, six of six mice usually convulsed ; occasionally 
only five of six convulsed. With a mixture containing insulin plus immune 
serum of sufficiently high anti-insulin titer, none of the injected mice 
convulsed. When unknown sera were being tested, a serum of known 
neutralizing power (standard immune serum) was included. Table I gives 
typical results. 

1Manuscript received June 13, 1956. 
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TABLE I 
RESULTS OF A TYPICAL NEUTRALIZATION TEST 


A group of six mice is used for each test. Each mouse is injected 
with 0.5 ml. of a mixture of equal volumes of a solution of crystalline 
ox or pig insulin (0.2 units/ml.) and serum or serum dilution as 
indicated. Under “‘convulsions’’ is given the number of mice in 
each group which showed convulsions 





Type of serum Dilution Convulsions 
Normal 1 6/6 

Standard immune 1/4 0/6 

Standard immune 1/8 6/6 

Unknown A 1 0/6 " 
Unknown A 1/2 0/6 

Unknown A 1/4 6/6 

Unknown A 1/8 6/6 





Norte: Potency of standard serum, 4 X 0.2 = 0.8 units per milliliter. 
Potency of unknown serum A, 2 X 0.2 = 0.4 units per milliliter. 


Since individual mice could not provide sufficient serum for anti-insulin 
titrations an alternative method was necessary to demonstrate the presence 
or absence in mice of immunity to insulin. This was accomplished by 
comparing the number of reactions to insulin produced in test groups of mice 
and in anormal group. The treated and control groups of mice were starved, 
injected with a standard solution of insulin, and placed in rotating inclined 
cylinders (9). Those mice that were affected by the insulin fell out of the 
cylinders. 


Buffered Saline 

Phosphate buffer (17/15NasHPO, + 17/15KH2PO,, pH 7.6) was combined 
with an equal volume of 0.85% (w/v) NaCl; 0.1% (w/v) phenol was added 
as a preservative. 


Collection and Testing of Mouse Urine 

Small cylindrical cages constructed of tin plate with copper screen bottoms 
and covers were used. These were designed to rest on 4 in. glass funnels 
without further support. The mice had access to water at all times but 
food was removed from the cages at the start of each urine-collection period. 

Reducing sugars and acetone bodies in urine were detected by the use of 
Galatest Denco and Acetone Test Denco (Denver Chemical Manufacturing 
Company, Montreal) respectively. Only strongly positive results were read 
as positive. 

Results 

Production of Anti-insulin 


Antibodies to insulin were produced following the injection of crystalline 
ox or pig insulin in some individuals from each of the five species of animals 
which were investigated. Some animals responded quickly, some required 
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prolonged treatment before responding, and others showed no detectable 
response even after as many as seven monthly injections. Guinea pigs 
responded to insulin with the production of anti-insulin relatively well whereas 
rabbits and mice responded poorly. No opinion on the response of sheep 
and horses to insulin can be expressed since only a small number of animals 
of these species was used. 

The choice of dose levels for the production of anti-insulin in any species 
depends on per cent survival and antibody response. In general, large doses 
produce better response and lower per cent survival. The following initial 
doses of insulin in Freund’s adjuvant are suggested: 10 units for mice, 50 


units for guinea pigs, 500 units for rabbits, 3000 units for sheep, and 7500 
units for horses. 


Immunization of Guinea Pigs 

Survival 

Thirty-three groups of guinea pigs totalling 1321 animals were injected 
for the purpose of antibody production. In these groups, 434 guinea pigs 
or 33% survived the initial injection of crystalline ox or pig insulin; 293 or 
68% (22% of the original number) survived the second injection, which was 
generally given about a month after the first. Table II shows the survival 
figures for each dose of insulin that was used. 

Toleration of insulin by an animal can depend on anti-insulin elicited in 
response to injections of insulin and on non-specific factors. A possible 
factor of this latter category which suggests itself is available glucose, whether 
supplied as such or derived, as for example, from starch. 

In order to test the possible effectiveness of glucose on the survival of 
guinea pigs injected with insulin the following experiment was carried out. 
Each of 408 guinea pigs was injected with a single dose ranging from 2 to 
15 ml. of 25% glucose at various times after the initial injection of insulin. 


TABLE II 


SURVIVAL OF GUINEA PIGS AFTER FIRST AND AFTER SECOND DOSE OF 
CRYSTALLINE OX OR PIG INSULIN 


The interval between injections ranged from 21 to 40 days 


First injection Second injection 

Dose No. a / No. w// 
(units) injected Survivors — survival injected Survivors survival 

25 380 160 42 163 145 89 

50 196 71 36 90 67 74 
100 65 9 14 5 1 20 
125 522 163 32 152 71 47 
200 137 28 20 24 9 38 
250 21 3 14 


Totals 1321 434 33 434 293 68 
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Only 58 or 14% of these animals survived. The per cent survival for this 
group is lower than the per cent survival following the initial dose for all the 
guinea pigs injected. The ineffectiveness of glucose observed here in 
preventing convulsions was probably due to the slow release of insulin from 
Freund’s adjuvant. Signs of insulin shock were sometimes observed 2 days 
after an injection of insulin. 


Antibody Response 

The antibody response to insulin in guinea pigs showed marked individual 
variation. Some animals showed no detectable response even after a large 
number of injections. Guinea pig No. 250 for example, received seven 
injections over a period of 6 months and produced no detectable anti-insulin 
in this time. Other animals responded slowly. Guinea pig No. 166 also 
received seven injections over a period of 6 months and produced its first 
detectable anti-insulin after the seventh injection. 

On the other hand, serum from guinea pig No. 212 had, 10 days after a 
second injection, a neutralizing power of 3.2 units of insulin per milliliter. 
This was the highest anti-insulin titer detected in an animal of any species 
during this study. 

Table III shows the distribution of anti-insulin titers for a group of guinea 
pigs which were receiving injections of insulin at about monthly intervals. 
There was, however, no injection between the bleedings taken at 50 and 78 
days. 

It is possible then, by giving monthly injections of insulin plus adjuvant, 
to maintain anti-insulin titers in the majority of guinea-pig producers for 
long periods of time. 


TABLE III 
ANTI-INSULIN TITERS FOR A GROUP OF GUINEA PIGS 
The results analyzed were for guinea pigs which had received injections of crystalline 


insulin (ox and pig) at intervals of about a month. Sera were titrated for anti-insulin at 
the times indicated 








Frequency distribution of titers 


Titer (units/ml.) 











Time No. Av. anti-insulin 
(days) 0 0.2 0.4 0.8 1.6 animals per ml. 

50 8 2 3 7 3 23 0.32 + 0.11 
78 10 2 4 2 0 18 0.20 + 0.06 
95 K 0 6 1 2 12 0.53 + 0.16 
116 1 1 5 2 2 11 0.64 + 0.15 
144 1 1 4 3 0 9 0.47 + 0.09 
172 0 0 0 2 3 5 1.28 + 0.20 
200 0 1 1 2 1 5 0.76 + 0.24 
209 0 0 2 3 0 5 0.64 + 0.10 





Note: Each mean is shown + its standard error. 
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Table IV shows the frequency distribution of maximum responses in guinea 
pigs. The maximum response of an animal was defined as the highest 
anti-insulin titer that was detected during the first 200 days of treatment. 
Only animals which had been treated for at least 100 days were considered. 

Table V shows typical antibody response to insulin for the doses and time 
intervals indicated. Two doses of 50 units gave a significantly higher response 
in terms of anti-insulin than did two doses of 25 units. The results do not 
show a significant difference between the response to two doses of either 125 
units or of 200 units and two doses of 50 units. 


TABLE IV 
MAXIMUM TITERS OF ANTI-INSULIN OBSERVED IN GUINEA PIGS 


Results are for guinea pigs which had been injected with crystalline insulin (ox or pig) at 
about monthly intervals, over a period of not less than 100 days and not more than 200 days 











Max. units Proportion Av. max. units 
anti-insulin per ml. Frequency of animals anti-insulin per ml. 

0 12 0.099 
0.2 19 0.157 
0.4 28 0.232 
0.8 47 0.388 0.660 + 0.052 
1.6 13 0.107 
Ie 2 0.017 


Total 121 





TABLE V 
ANTI-INSULIN IN GUINEA PIGS AFTER TWO INJECTIONS OF INSULIN 
Guinea pigs were given two injections of crystalline insulin (ox or pig) in the amounts and 


at the time intervals shown. Blood samples for titration of anti-insulin were taken about 
10 days after the second injection 











No. Doses 1 and 2 Interval between Av. anti-insulin 
Group animals (units) injections (days) per ml. 

AD 12 25 21 0.43 + 0.09 
AC 13 25 28 0.25 + 0.07 
W 16 25 28 0.25 + 0.08 
AB 24 25 38 0.23 + 0.05 
AA 14 50 28 0.53 + 0.12 
R 23 50 40 0.52 + 0.11 
xX 14 125 21 0.29 + 0.09 
‘ 9 125 28 0.58 + 0.20 
\ 8 125 28 0.55 + 0.25 


Z 5 200 24 1.04 


+ 
= 
=> 
ur 

— 
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TABLE VI 


TWO SUCCESSIVE ANTI-INSULIN TITERS 
WITHOUT INTERVENING INJECTIONS OF INSULIN 


Two successive titrations of blood sera for anti-insulin were carried out on 73 guinea pigs, 
with no injections of insulin between bleedings, in order to obtain data on the rate of 
disappearance of anti-insulin in guinea pigs actively immunized with insulin 











Interval 


Av. anti-insulin per ml. between 
No. —- - ——_——___—— w/ bleedings 
Group guinea pigs First bleeding Second bleeding lowering (days) 

QO 9 0.26 0.13 50 28 
R 18 0.49 0.20 59 28 
T 9 0.58 0.13 78 28 
V 8 0.55 0.28 49 21 
W 15 0.27 0.08 70 21 
xX 14 0.26 0.10 62 17 





In order to obtain data on the rate of fall of anti-insulin in actively 
immunized guinea pigs, six groups which received two injections of insulin 
(21 to 40 days between injections) were bled 10 days after the second injection 
and again after an interval of 17 to 28 days. Results are given in Table VI. 
These indicate that the anti-insulin of the guinea pigs under consideration 
has a half life of from 2 to 4 weeks. 

This half life is much greater than that of passively administered homologous 
antibodies in guinea pigs, which is in the order of 5 days (4). It is probable, 
therefore, that the guinea pigs in question were still actively producing 
anti-insulin up to 40 days after a second injection of insulin. 

It has already been noted that there is a remarkably great variation in 
the antigenic response of individual guinea pigs to insulin. It was of interest, 
therefore, to investigate the possible relationship between response in the 
same animal to insulin and to some other antigen, in this case diphtheria 
toxoid. 

The investigation was carried out using 50 normal guinea pigs. These 
were given two injections, at an interval of 1 month, of insulin and diphtheria 
toxoid combined in Freund’s adjuvant, and a month later a third injection of 
insulin alone in Freund’s adjuvant. Blood sera of individual animals were 
titrated for anti-insulin and for diphtheria antitoxin. Results for the 
surviving guinea pigs are summarized in Table VII. 

At the final bleeding six of the eight surviving animals showed a response 
to the diphtheria toxoid, whereas the titers of all seven animals which had 
responded to the insulin had fallen to below a detectable level. 

These results may be compared with those of 107 guinea pigs which had 
been injected with three doses of insulin at approximately monthly intervals. 
All these animals showed detectable anti-insulin either after the second or 
third injection. Twenty-one of the guinea pigs which showed detectable 
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anti-insulin after the second injection showed no detectable anti-insulin after 
the third injection. The proportion of guinea pigs (7/7) which had been 
injected with the combined antigens and whose anti-insulin titers had fallen 
to below a detectable level was significantly higher than the corresponding 
proportion of guinea pigs (21/107) which had been injected with insulin alone. 


Immunization of Rabbits 

Survival 

Nine groups of rabbits totalling 148 animals were injected with crystalline 
ox insulin. Eighty-eight or 60% survived the initial injection; 77 or 88% 
(52% of the original number) survived the second injection. That is, a high 
proportion of the animals which survived the first injection also survived the 
second. In general the percentage survival decreased as the dose was 
increased. 

Antibody Response 

The antibody response in rabbits was poor. More than one-third of 


the rabbits showed no response at all in a period of 5 months of treatment. 
Results are summarized in Table VIII. 


Immunization of Mice 

Survival 

Eleven groups of mice totalling 450 animals were injected with crystalline 
ox insulin. One hundred and eighteen or 26% survived the initial injection; 
every mouse that was injected a second time survived. 


Antibody Response 

Ten groups of normal female mice were injected periodically with 
crystalline ox insulin in Freund’s adjuvant. A control group from the same 
stock of mice was similarly injected with saline in Freund’s adjuvant. From 
time to time the resistance of the mice to insulin was determined by the 
testing procedure described under “‘Methods’’. 


TABLE VIII 
MAXIMUM TITERS OF ANTI-INSULIN OBSERVED IN RABBITS 
Results are for rabbits which had been injected with crystalline ox insulin at about monthly 


intervals, over a period of not less than 100 days and not more than 200 days 











Max. units Proportion Av. max. units 
anti-insulin per ml. Frequency of animals anti-insulin per ml. 
0 23 0.354 
0.2 30 0.461 
0.4 10 0.154 0.179 + 0.015 
0.8 2 0.031 


Total 65 
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The mice did not show any evidence of immunity after two injections of 
insulin in Freund’s adjuvant. However, after three injections there was 
evidence of immunity since the proportion of mice undergoing immunization 
which reacted to insulin during the testing procedure was significantly lower 
than the proportion of control mice which reacted. Of 67 mice which had 
received three immunizing injections, 39 reacted to the test dose of insulin, 
whereas of 36 mice which had received three control injections (saline in 
Freund’s adjuvant), 34 reacted. 


Immunization of Sheep 

Only two sheep were used during this study. One of these had been 
immunized previously with crystalline pig insulin (5). The other was a 
normal animal. This latter animal showed no detectable anti-insulin following 
injections of crystalline ox insulin during a period of 5 months in spite of four 
injections of insulin in Freund’s adjuvant. The former sheep did produce 
anti-insulin. However, the maximun titer obtained was only 0.4 units/ml. 
in spite of doses of insulin in Freund’s adjuvant as high as 4000 units. 


Immunization of Horses 

Immunization of three horses with crystalline ox insulin was undertaken. 
One of the horses died of shock following an initial injection of 12,500 units 
of ox insulin in Freund’s adjuvant. The remaining two horses tolerated 
without any sign of reaction initial doses of 6250 and 5000 units respectively. 

One of these horses responded well with the production of anti-insulin. 
He received a total of six injections of 6250 units of insulin over a period of 
13 weeks. Twenty-two blood samples were tested during the final 10 weeks 
of observation; these showed consistently a titer of 0.8 units/ml. The 
remaining horse responded poorly. The highest titer observed, and that 
for one blood sample only, was 0.4 units/ml. 

Neutralization tests with anti-insulins produced by the guinea pig, rabbit, 
sheep, and horse showed that each is able to neutralize insulins extracted 
from the pancreas of the rabbit, sheep, horse, pig, ox, and monkey (Macacus 
rhesus), but that none of the four can neutralize insulin extracted from 
guinea-pig pancreas. Guinea-pig insulin as was previously shown (5) can 
neutralize the endogenous insulin of the mouse. It was found that horse 
anti-insulin was not capable of such neutralization. It was not feasible to 
carry out experiments on the effect of rabbit and sheep anti-insulins on 
endogenous mouse insulin. 


Neutralization of Endogenous Insulin in the Mouse 

Mice injected with anti-insulin from guinea pigs actively immunized 
either with ox or pig insulin develop signs typical of diabetes, namely marked 
elevation of blood sugar, appearance of glucose and acetone bodies in the 
urine, rapid loss of weight, and death (5). The occurrence of these signs 
was taken as evidence for the neutralization of endogenous insulin in the 
mouse. 
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This subject was further investigated and, in particular, a study was made 
of conditions having to do with the occurrence of glucosuria and ketonuria 
in mice injected with anti-insulin from the guinea pig and the horse. 

It was found that relatively high-titer guinea-pig anti-insulin must be used 
in order to bring about excretion of glucose and especially of glucose and 
acetone bodies; and also that the intravenous route of administration is 
preferable to the intraperitoneal. 

For example, four 1 ml. amounts of guinea-pig anti-insulin (1.6 units/ml.), 
injected intravenously during the course of a day, induced marked glucosuria 
but not ketonuria; whereas two 1 ml. amounts injected intravenously plus 
0.5 ml. subcutaneously of guinea-pig anti-insulin (3.2 units/ml.) induced both 
glucosuria and ketonuria. On the other hand, four 1 ml. amounts of horse 
anti-insulin (3.2 units/ml.) injected intravenously during the course of a 
day failed to induce either glucosuria or ketonuria. 

This latter observation suggested that endogenous mouse insulin was not 
neutralized by horse anti-insulin. It was decided, therefore, to determine 
the effect of horse anti-insulin on the blood sugar of mice. To this end, 40 
female mice were each injected with 1 ml. of horse anti-insulin (3.2 units/ml. 
purified by method of Parfentjev (8)); and as control, 40 other female mice 
were similarly injected each with 1 ml. of normal horse serum (purified by 
method of Parfentjev (8)). At various time intervals blood samples were 
taken from each mouse of a group of five, equal aliquots of the five bloods 
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Fic. 1. The effect of purified horse anti-insulin serum and purified normal horse 
serum on the blood glucose of mice. 
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were pooled, and blood sugar determined on the pooled sample. In carrying 
out the experiment, injections of anti-insulin and purified normal serum 
were made at intervals of 1 minute, and each injected mouse was placed in a 
numbered 250 Erlenmeyer flask. By this procedure it was a simple matter 
to arrange a constant time interval between injection and bleeding of a group. 
For example, mice which had been injected at minutes 1 to 5 were bled at 
minutes 11 to 15. Similarly the mice which were injected at minutes 6 to 10 
were bled at minutes 26 to 30. In this way mice 1 to 5 were bled 10 minutes 
after each was injected and mice 6 to 10 were bled 20 minutes after each was 
injected; and similarly for the other groups. Results are shown graphically 
in Fig. 1. 

It will be noted that following the injection of serum there was a sharp 
rise in the levels of blood glucose in both groups followed by a drop which in 
2 hours reached a level less than normal. That is, horse anti-insulin and 
normal horse serum had about the same effect on the blood sugar of the mouse. 
This observation along with the observation that horse anti-insulin failed to 
induce either glucosuria or ketonuria in the mouse is evidence that horse and 
guinea-pig anti-insulins are specifically different. Horse anti-insulin is not 
capable of neutralizing endogenous mouse insulin under conditions which 
obtain for neutralization by guinea-pig anti-insulin. 


Discussion 


There is a striking difference in the specificity of guinea-pig and horse 
anti-insulins. Each of these was induced in the respective species by the 
injection of the same antigen (crystalline ox or pig insulin). Each neutralized 
in vitro a number of different insulins, namely crystalline and crude ox, pig, 
and sheep; crude rabbit; and crystalline monkey. By contrast one neutralized 
endogenous mouse insulin and the other did not. 

There is good evidence also that mouse anti-insulin does not neutralize 
endogenous mouse insulin since mice immunized with insulin gained weight 
and retained the degree of activity and general appearance consistent with 
good health during the whole course of observation. 

Neither did any of the animals of the other species, namely guinea pig, 
rabbit, sheep, and horse, which were producing anti-insulin show evidence of 
neutralization of endogenous insulin. Blood sugar determinations which were 
carried out on animals with high titers of circulating anti-insulin were 
consistently within normal limits; and in general, the health of the animals 
was excellent. It is therefore a reasonable assumption that the endogenous 
insulins of the guinea pig, rabbit, sheep, and horse as well as that of the mouse 
are not neutralized in the anti-insulin producers. 

Two of the factors which govern the response elicited by an antigen are 
the animal injected, that is the particular animal and the species, and the 
species of antigen. There is no inherent difficulty in judging the relative 
effectiveness of an antigen in animals of different species. In work which is 
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reported here it was found that insulin is a more effective antigen in the 
guinea pig than in the rabbit or in the mouse. The question of the relative 
effectiveness of specifically different antigens is somewhat more involved. 

The fact that resistance to insulin is rarely encountered among the thousands 
of diabetics undergoing daily treatment might be taken to indicate that insulin 
is a weak antigen, that is, weak as compared with some other antigen as, for 
example, diphtheria toxoid. But it may be questioned whether such 
comparison of different antigens can be made. It is true that commonly 
an opinion is expressed regarding the relative effectiveness of certain toxoids 
and vaccines for the prevention of disease. For example, since tetanus 
toxoid is more effective in preventing tetanus than pertussis vaccine is in 
preventing whooping cough, it can be said that tetanus toxoid is the better 
antigen of the two. Although this statement is true for the immunizing 
agents at present available, it can hardly be taken as an expression of the 
relative effectiveness of the antigens concerned. It is possible, for example, 
that the effective antigen in pertussis vaccine is present in trace amounts 
only, and hence the very lack of antigen may account for its relative ineffec- 
tiveness. 

Again an example may be cited which for the moment is somewhat 
hypothetical. If one assumes that poliomyelitis vaccine induces protection 
to poliomyelitis in the order of that induced by diptheria toxoid to diphtheria 
then, relative to diphtheria toxoid, poliomyelitis vaccine is fantastically 
effective since the weight of the virus particles in 1 ml. of poliomyelitis vaccine 
is only one one-millionth of the weight of the specific antigen in 1 ml. of 
diphtheria toxoid. This calculation is based on the following—for poliomyelitis 
vaccine: diameter of virus particle 30 millimicrons, specific gravity virus 
particle 1.0, number of particles per milliliter 10’; for diphtheria toxoid: 
specific nitrogen per Lf 0.00046 mg., specific protein per Lf 7 K 0.00046 mg., 
Lf per milliliter 40. In other words the weight of the virus in 1 ml. of polio- 
myelitis vaccine is equal to about 1/25,000 Lf diphtheria toxoid. 

Protection against disease as a criterion for judging the relative effectiveness 
of antigens is of limited value and application. For purposes of discussion 
here, three possible criteria which may serve for the comparison of specifically 
different antigens are suggested, namely (a) antibody levels produced (in 
terms of antibody nitrogen) per unit of antigen nitrogen, (b) relative duration 
of immunity, (c) relative blocking effect of one antigen towards another. 

Moloney and MacQuarrie (6) compared tetanus and diphtheria antitoxin 
titers (in terms of antibody nitrogen) produced in the same animal following 
the injection of equal amounts of tetanus and diphtheria toxoids (in terms of 
toxoid nitrogen). For this comparison guinea pigs were injected subcuta- 
neously in separate sites with 8.25 micrograms antigen nitrogen of each toxoid 
adsorbed on 30 mg. of AIPO;. Thirty-six and 64 days later the guinea pigs 
were bled, the blood sera titrated for tetanus and diphtheria antitoxins, and 
the results expressed as micrograms antitoxin nitrogen. The tetanus and 
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TABLE IX 
RELATIVE IMMUNITY RESPONSE TO DIPHTHERIA AND TETANUS TOXOIDS 
Seven guinea pigs were injected, each with an equal amount (8.25 ug. antigen nitrogen) 
of diphtheria and tetanus toxoid adsorbed on 30 mg. AIPO,;. The blood serum of each animal 


was titrated for diphtheria and tetanus antitoxins on the days shown after the injection of 
the mixed antigens. Antitoxin titers were expressed in terms of immune nitrogen 




















Diphtheria antitoxin Tetanus antitoxin 
ug. immune N/ml. serum ug. immune N/ml. serum 
Guinea pig 36 days 64 days 36 days 64 days 

440 < 0.005 Dead < 0.015 Dead 
456 1.6 Dead 1.5 Dead 
439 1.6 Dead 1.5 Dead 
471 1.6 9.6 2.3 15 
483 1.6 1.6 14 3.0 
429 Not bled 3.2 Not bled 3.0 
435 Not bled a2 Not bled 3.0 





diphtheria antitoxin titers shown in Table IX are of the same order of magni- 
tude for the same bleeding of the same animals. These results suggest that 
for the conditions stated, which include antigen adsorbed on a large amount 
of AlPQO,, the two toxoids are about equally effective. 

A criterion of antigenicity based on antibody levels per unit antigen, if 
valid, should preferably be applied not by injecting two antigens into the 
same animals as was done for results shown in Table IX, but by injecting 
single antigens into separate groups of animals. Such a criterion cannot at 
present be applied to insulin since the nitrogen value of anti-insulin has not 
yet been determined. However, since with diabetics detectable resistance 
is rarely encountered, and since the weight of insulin which is daily injected 
is greatly in excess of the weight of diphtheria or tetanus specific protein 
which would immunize, it is a reasonable assumption that insulin is a weak 
antigen, that is, weak as compared with diphtheria and tetanus toxoids. 

Immunity to tetanus toxoid in humans is long lasting. In a group of 97 
actively immunized men, all 97 showed the presence of tetanus antitoxin 6 
to 10 years after the last recall dose (7). It is a reasonable assumption that 
the level of antibody in an actively immunized animal depends on the rate 
of formation and the rate of decay of antibody. There are no available data 
for rate of decay of homologous tetanus antitoxin in the human, but it is not 
unreasonable to assume that this rate is the same as that for any other 
antibody or for gamma globulin. Dixon et al. (4) have reported that the 
half-life of gamma globulin in the human is in the order of 20 days, a value 
which is in good agreement with that for the half life of diphtheria antitoxin 
in infants born of immune mothers. One may assume then that the duration 
of immunity induced by tetanus toxoid is due not to the permanence of 
antitoxin produced but to the continued production of antitoxin. It is highly 
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improbable that maintenance of immunity to tetanus is influenced by natural 
contact with antigen since natural immunity to tetanus either does not occur 
or is extremely rare. 

The validity of a criterion for antigenic effectiveness based on duration 
of immunity has not yet been assessed. Its application involves the deter- 
mination of rates of disappearance of antibody in actively immune animals 
and comparison of these with the rate of fall for the same species of passively 
administered homologous antibody. For this criterion antibody titers can 
be expressed in arbitrary units. With insulin only quite inadequate obser- 
vations have so far been possible. Results shown in Table VI permit the 
conclusion that anti-insulin continues to be produced 40 days after an 
injection of insulin into actively immunized guinea pigs. . 

Barr and Llewellyn-Jones (1, 2) have presented evidence to show that one 
antigen can under certain conditions interfere with the immunizing activity 
of a second antigen. The question arises whether the extent of interference 
is dependent, among other factors, on the relative effectiveness of the two 
antigens involved. 

Results on combined inoculation of insulin and diphtheria toxoid which 
are summarized in Table VII indicate that diphtheria toxoid has suppressed 
the antigenic activity of insulin, and the suppression has occurred in spite of 
the fact that in the combined antigens injected the weight of insulin was 150 
to 300 times as much as the weight of diphtheria antigen. This latter 
observation lends weight to the assumption that insulin is a weak antigen. 
The possibility that the activity of weak antigens may be suppressed by 
associated antigens is one which holds more than academic interest. 
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THE EFFECT OF NORADRENALINE ON THE 
SURVIVAL OF RATS SUBJECTED TO HEMORRHAGIC SHOCK! 


A. M. LAnsING,? J. A. F. STEVENSON, AND C. W. GoWDEY 


Abstract 


Reports of the efficacy of /-noradrenaline in the treatment of clinical shock 
stimulated an investigation of its effect in controlled hemorrhagic hypotension. 
Seventy-three 350-g. male Sprague-Dawley rats were subjected to a standardized 
hemorrhagic shock procedure. Of 15 control animals that received no treatment, 
only one survived for 48 hours; none survived of the five controls that received 
a constant intravenous infusion, after the shock procedure, of 5% glucose in 
distilled water until death or for 36 hours. The treated animals received, 
after the shock procedure, an infusion of /-noradrenaline (0.5-2.0 yug./min.) in 
5% glucose in distilled water. The survival rates for the treated animals were: 
treatment for 1 hour, 1/8; treatment for 4 hours, 4/15; treatment until death 
or for 36 hours, 8/15. Fifteen animals received, in addition to noradrenaline 
for 36 hours, hydrocortisone administered intravenously (0.7 yg./min.) or 
intramuscularly (2.5 mg. every 6 hours); seven of these aaa survived. 

Analysis of variance showed that there was no difference in the shock procedure 
undergone by the controls and by the treated survivors. The Chi square test 
on the survival rates revealed that the infusion of noradrenaline for 1 hour or 
4 hours did not improve survival, but infusion for 36 hours produced a very 
significant increase in survival time and in total survival rate. The addition 
of hydrocortisone neither enhanced nor impaired this improvement. 


Introduction 


Although Barger and Dale (3) investigated the action of noradrenaline 
in 1910, it was not until 25 years later that Bacq (2) and Greer et al. (27) 
suggested that this substance was an important neurohumor of the sympathetic 
nervous system—the sympathin E of Cannon and Rosenblueth (10). The 
similarities of noradrenaline and liver sympathin were demonstrated by 
Gaddum and Goodwin (21) and by West (42). The isolation of noradrenaline 
from many mammalian tissues (14, 15, 16, 17, 18) and the demonstration 
of its release at sympathetic nerve endings (34) confirmed its physiological 
importance. While, in man and some other species, noradrenaline provides 
only some 10-20% of the catechol amines in the adrenal medulla and its 
secretion, it may be the precursor of adrenaline (4, 5, 6, 7). In cases of 
pheochromocytoma, noradrenaline may be the major product of the tumor, 
as indicated by the increased levels of this catechol amine in the tumor tissue 
and in the plasma and urine (13, 26). 

The recent availability of pure /-noradrenaline (41) has permitted an 
extensive investigation of its actions (8, 9, 25,40). In both the unanesthetized 
human and the anesthetized dog it increases the systolic and diastolic blood 
pressure and the total peripheral resistance, but it produces little change in 
the cardiac output. On the other hand, during graded hemorrhage in dogs, 
it increased cardiac output but not peripheral resistance (23). These animals, 
however, were hypovolemic and had cannulae in the main arteries of three 
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limbs. In the dog at least, noradrenaline increases the volume of blood in 
the heart and lungs, apparently by producing peripheral venoconstriction (39). 
Indeed, a loss of venous tone has been observed in irreversible shock (1), 
and the beneficial effect of noradrenaline in this condition has been attributed 
to the re-establishment of this tone. 

The effect of noradrenaline on cerebral and renal blood flow also depends 
upon the pre-existing conditions. While normally it causes a decrease, in 
hypotensive states it may cause an increase of blood flow in both organs 
(19, 31, 32, 38). Certainly the administration of noradrenaline to a patient 
in hypotensive shock may restore cerebral function and urine flow. 

There have been several reports of the efficacy of noradrenaline in the 
treatment of clinical shock (20, 29, 30, 37). The present investigation was 
designed to study the effect of noradrenaline on the survival of rats subjected 
to a standardized hemorrhagic shock. In view of the suggestion (22) that 
hydrocortisone may improve a failing response to noradrenaline, the com- 
bination of these two agents was also investigated. 


Method and Materials 


Male Sprague-Dawley rats weighing 325-375 g. and living at a constant 
environmental temperature of 20° C. were used. They were not deprived of 
food or water before the experiment. Anesthesia was produced by intra- 
peritoneal administration of sodium pentobarbital, 40 mg./kg. After 
cannulation of the left common carotid artery and the superior vena cava 
(via the right external jugular vein) with polyethylene tubes, heparin (2.5 
mg. in 1.0 ml. isotonic saline) was injected intravenously. The carotid 
cannula was connected to a Sanborn Electromanometer and the arterial 
blood pressure was recorded through a Sanborn Poly-Viso. The venous 
cannula was connected to an adjustable reservoir system to allow withdrawal 
or reinfusion of blood. Hemorrhagic hypotensive shock was produced by 
the method of Downie and Stevenson (12). Forty-five minutes after the 
administration of the anesthetic, blood was withdrawn from the venous 
cannula into the reservoir so that the mean arterial blood pressure, measured 
at heart level, reached 30 mm. Hg in 10 minutes. The blood pressure was 
then maintained at this level by further withdrawal or reinfusion of blood 
until spontaneous reduction of the blood volume in the reservoir had occurred 
at three successive 2-minute intervals (automatic reinfusion). At this point 
a severe state of shock was considered to have been produced and all the blood 
remaining in the reservoir was reinfused within 15 minutes. 

The volume of blood in the reservoir was recorded every 2 minutes and 
the respiratory rate, carotid artery pressure, heart rate, and rectal temperature 
(measured by a mercury thermometer) were recorded every 10 minutes 
throughout the procedure and for up to 4 hours after reinfusion. 

The preparation of /-noradrenaline (Levophed Bitartrate, Winthrop- 
Stearns) contained 1.0 mg. of active base for each 2.0 mg. of drug; the 
amounts given in this paper are calculated as pg. of free base. Diluted in 
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saline, both this preparation and adrenaline (Parke-Davis) showed discoloration 
in 6-10 hours but solutions in 5% glucose in distilled water showed no change 
even after 36 hours. In the experiments noradrenaline was never kept in 
the diluted state for more than 6 hours. West (43), using a more precise 
biological assay, has shown that noradrenaline is more stable in a glucose 
solution than in saline. 

The dose of noradrenaline chosen for the long infusion was that found to 
cause a minimal rise in blood pressure (5-10 mm. Hg) in the post-reinfusion 
period. A 36-hour period was selected as the duration of this infusion because 
all deaths in control animals occurred within this period. Shorter periods 
of infusion of noradrenaline (1 and 4 hours after reinfusion) were also studied 
since the early period has been considered to be the critical time for the 
development of splanchnic pooling of blood (37, 46, 47). 

Hydrocortisone (Solu-Cortef, Upjohn), which is stable for 7 days in 
concentrated solution and for 24 hours even though in dilute solution (33), 
was also administered to some animals. The dose used was 10 mg./24 hr., 
a quantity sufficient to restore a normal resistance to drum shock in the 
adrenalectomized rat (36). This was usually mixed with the noradrenaline 
and given as a constant intravenous infusion to eliminate the possibility of 
poor absorption. In five animals, however, the hydrocortisone was given 
intramuscularly to obviate possible chemical interference between the 
hydrocortisone and noradrenaline preparations. 

The following groups were studied, with treatment beginning 15-30 minutes 
after reinfusion: 

I. Control. 

(1) C-30—no treatment. 
(2) N-36-C—0.5 ml./hr. of 5% glucose in water infused for 36 
hours or until the animal died. 

Il. Noradrenaline. Infusion in 5% glucose in distilled water. 

(1) N-1—-2.0 ywg./min. for 1 hour at the rate of 1 ml. of solution 
per hour. 

(2) N-4—1.0 pg./min. for 4 hours at the rate of 1 ml. of solution 
per hour. 

(3) N-36—0.5 wg./min. for 36 hours or until death at the rate 
of 0.5 ml. of solution per hour. 

111. Noradrenaline and hydrocortisone (N-H). 

/-Noradrenaline (0.5 ywg./min.) and approximately 7 wg./min. 
(10 mg./24 hr.) of hydrocortisone at the rate of 0.5 ml. of solution 
per hour. 

In five animals the hydrocortisone was given intramuscularly, 
2.5 mg. every 6 hours. 

IV. Anesthesia control. 

Thirteen rats were subjected to anesthesia alone. Respiratory 
rate and rectal temperature were recorded every 15 minutes until 
the animals were awake. 
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A constant-speed infusion pump (Palmer) was used for the intravenous 
infusions. After the first 4 hours of infusion, heparin, 35 I.U. per 100 ml. 
of solution, was added to the infusion to prevent clotting in the cannula. 
The animals were suspended in canvas slings to prevent excessive movement. 
Food and water were provided 24 hours after the shock procedure or at the 
end of infusion if this lasted longer than 24 hours. 

An animal that lived 48 hours after reinfusion of the blood was considered 
a survivor. Death after this period was attributed to infection rather than 
to cardiovascular collapse. The fatalities were examined for gross changes. 

The bleeding volume was calculated as cubic centimeters of blood per 
100 cm.? of body surface area. The tables of Lee (28) were used to determine 
surface area from body weight. 

The data were analyzed by standard statistical procedures (35); Yates’ 
correction for continuity was applied to the Chi square test. 


TABLE I 


HEMORRHAGIC SHOCK IN RATS 














Mean + S.D. 
Respiratory rate (resp./min.) 
Initial 73.4.2 12:2 
P.H. sa.8 & &.1 
rR. sa & Fi 
Post-R. 54.8 + 11.0 
Heart rate (beats/min.) 
Initial 355.8 + 33.9 
Pai. 236.2 + 40.5 
es 231.1 + %.1 
Post-R. 256.9 + 34.4 
Blood pressure (mm. Hg) 
Initial 136.3 + 12.6 
Post-R. 108.4 + 19.8 
Rectal temperature (° C.) 
Initial 4.4 + 0.6 
P.H. 33.5 + O03 
P.R. 29.0 + 1.3 
Post-R. mae st «68.2 
Initial bleeding volume 
(cc./100 cm.? body surface) 1.3+ 0.15 
Maximum bleeding volume 
(cc./100 cm.? body surface) 23+ Of 
Time to end point (min.) os.8 + 12.1 
Initial = before hemorrhage. 
P.H. = end of initial hemorrhage. 
Pa = pre-reinfusion. 
Post-R. = immediately after reinfusion. 
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% 
suRVivaL CONTROLS N-1 N-4 
100 (20 ANIMALS) (8 ANIMALS) (15 ANIMALS) 
80 
60 
40 
20 
Clo 10 20 30 40 50 © 10 20 30 40 50 © 10 20 30 40 50 
N-36 N-H 
100 (15 ANIMALS) (15 ANIMALS) 








© 10 20 30 40 50 © 10 20 30 40 50 
SURVIVAL TIME 
(HOURS AFTER REINFUSION) 


Fic. 1. N-1 = noradrenaline infusion for 1 hour. 
N-4 = noradrenaline infusion for 4 hours. 
N-36 = noradrenaline infusion for 36 hours. 
N-H = 


noradrenaline infusion for 36 hours plus hydrocortisone. 


Results 


Since no treatment was given until after reinfusion the observations until 
this time may be combined, as shown in Table I. Analysis of variance between 
all groups revealed no significant differences (P > 0.10) in any of these 
indices during the shock procedure. The bleeding volume rose rapidly at 
first, then more slowly until automatic reinfusion occurred. In some animals 
the maximum bleeding volume remained at a plateau for 10 to 20 minutes 
before automatic reinfusion took place. After reinfusion, despite replacement 
of all the lost blood, the blood pressure remained some 20 mm. Hg below the 
initial control level and the heart rate 100 beats per minute slower than the 
control value. Respiration became very slow and shallow towards the end 
of hypotension. The rectal temperature fell progressively until reinfusion. 
Survival 

Table II shows the 48-hour survival rate in the various groups and Fig. 1 
the duration of survival. The durations of survival and the survival rates 
were identical for the groups treated for 36 hours with noradrenaline either 
alone or in combination with hydrocortisone, and these two groups have 
therefore been combined for some of the analyses. The. significance of 
differences in survival rate as determined by the Chi square test with Yates’ 
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TABLE II 


SURVIVAL OF RATS SUBJECTED TO HEMORRHAGIC SHOCK 


No. No. alive % survival 

Group animals at 48 hr. at 48 hr. - 
C-30 15 1 7 
N-36-C 5 0 0 
N-1 8 1 12 > A 
N-4 15 4 Po 
N-36 15 8 53 < .005 
N-H 15 7 47 < .02 
N-36 + N-H 30 15 50 < +001 





Abbreviations: 
C-30 = controls, no treatment. 
N-36-C = controls, 5% glucose. 


N-1 = noradrenaline infusion for 1 hour. 

N-4 = noradrenaline infusion for 4 hours. 

N-36 = noradrenaline infusion for 36 hours. 

N-H = noradrenaline infusion for 36 hours plus hydrocortisone. 


P = significance of difference from controls determined by Chi square test with Yates’ 
correction for continuity. 


correction for continuity is also shown in Table II. Intravenous administra- 
tion of glucose and water alone did not increase survival rate nor did the 
1-hour or 4-hour infusions of noradrenaline. Prolonged infusions of 
noradrenaline did increase survival significantly, but the addition of hydro- 
cortisone failed to enhance this effect. 

In two rats it was planned to administer noradrenaline only when the blood 
pressure fell below 90 mm. Hg. Both animals, however, died suddenly from 
ventricular fibrillation before any noradrenaline had been given. The pre- 
mortem mean blood pressures were 110 and 140 mm. Hg; the times of death 
were 12 and 23 hours respectively. 


Other Observations 


The loss of body weight, 75-100 g., during the 48 hours after reinfusion was 
much greater than could be explained by starvation alone, and when food was 
provided this loss was not regained as rapidly as occurs after simple starvation. 
Indeed, many survivors continued to lose weight and died 5—10 days later. 

Table III shows the effect of anesthesia alone and of anesthesia with 
hemorrhagic hypotension on rectal temperature and respiration. The highcr 
initial respiratory rate in the experimental animals was probably due to 
the stress of surgery. There was no significant difference between the lowest 
respiratory rates attained in the two groups, whereas the fall in rectal 
temperature was greater in the animals subjected to hemorrhagic hypotension. 
This suggests that the respiratory changes seen before reinfusion were due 
to the anesthesia, but that the experimental procedure had a specific additive 
effect in decreasing rectal temperature. The duration of anesthesia in these 
controls was 112 + 9 (S.D.) minutes, which was about 30 minutes longer 
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TABLE III 


COMPARISON OF ANESTHETIC CONTROLS WITH EXPERIMENTAL ANIMALS 














Resp. /min. Rectal temp. (° C.) 
(mean + S.E.M.) (mean + S.E.M.) 
” Experimental Anesthesia Experimental Anesthesia 
Time animals controls P animals controls 4 
Initial 73.4 £ 1.4 61.2 + 3.3 < 0.01 34.4 + 0.1 33.9 + 0.7 > 0.10 
P.R. 43.4+1.0 45.1 + 4.1 > 0.10 29.0 + 0.5 32.0 + 0.5 < 0,001 
Initial = 45 minutes after administration of the anesthetic. 
P.R. = pre-reinfusion level in the experimental animals, and the lowest value in the anes- 


thesia controls. 


than the duration of the hypotensive period in the experimental animals. 
Shivering, which heralded reawakening in all the anesthetic controls, was 
seen in only some of the experimental animals. 

The respiratory movements appeared to be very important in maintaining 
venous return and cardiac output near the end point; during short periods 
of apnea at this time the blood pressure fell sharply. It recovered equally 
rapidly when respiration started again. 

Gross examination of the animals that died before 48 hours revealed varying 
degrees of venous, pulmonary, hepatic, and small bowel congestion. The 
spleen was small. In some animals there was hemorrhage into the lumen 
of the bowel. Undigested food remained in the stomach and small intestine, 
which suggests that some paralytic ileus must have been present. The 
severity of these changes appeared to be related to the duration of survival 
after hypotension. One animal, which was accidentally killed immediately 
after reinfusion, showed no gross changes; animals that survived only 6 
hours showed minimal changes; after 10 hours there was moderate pulmonary 
and intestinal congestion; and after 20 hours the congestion was much more 
marked. The noradrenaline-treated animals that failed to survive showed 
changes similar to those seen in untreated fatalities; if anything, the treated 
animals had less congestion of the lungs but more of the bowel. 

Seven rats died 5-10 days after the hypotensive period. Five of these 
showed evidence of gross infection—severe pneumonia, lung abscesses, or 
kidney abscesses; no abscesses were seen in the liver. The fat depots 
(perirenal, etc.) had disappeared. 


Discussion 


Several investigators (12, 24, 44, 45) have suggested that the beginning 
of automatic reinfusion in hemorrhagic hypotension may be taken to indicate 
the onset of irreversible shock. This adjustment of the end point in time 
allows for individual variation in resistance; all animals are in more or less 
the same state of cardiovascular collapse when treatment is begun. In our 
experiments this end point was quite obvious. 
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The survivors in all the noradrenaline-treated groups were compared 
with the controls by analysis of variance of all the indices listed in Table I 
and for initial body weight, room temperature, and humidity; no significant 
differences were found. It may be concluded that the improved survival 
following the prolonged administration of noradrenaline, with or without 
hydrocortisone, was not due to any difference in experimental conditions. 

The initial arterial pressure of the animals seemed high (140-160 mm. 
Hg); this may have been due to the pentobarbital or to a reflex caused by 
the low pressure in the carotid artery above the cannula. The initial 
hemorrhage caused a fall in heart rate which continued during hypotension; 
the acute reduction in venous return produced by the removal of blood from 
the superior vena cava may have caused reflex slowing of the heart. Probably 
the depression of respiration due to anesthesia further impaired venous return. 

The initial fall in rectal temperature may also be attributed to the reduction 
of muscular and vascular tone by the anesthesia. The further fall during 
hypotension was probably due, in part, to vasoconstriction in the splanchnic 
area. 

Clinically, noradrenaline has been found to be beneficial in shock after 
the blood volume has been restored. In our similar experimental condition, 
noradrenaline improved survival, but, as in the clinical situation, it had to be 
administered for a long time and even then only half the animals survived. 
Catchpole et a/. (11) have shown in dogs that, during oligemic hypotension, 
infusion of noradrenaline at a rate sufficient to raise the blood pressure to 
normal does not affect survival; they did not, however, continue treatment 
with noradrenaline after reinfusion of the blood. 

The administration of hydrocortisone restores the response to noradrenaline 
in some patients; in others it permits the noradrenaline infusion to be stopped 
without ill effect (22). In our small experimental series, however, the 
administration of hydrocortisone with noradrenaline neither improved nor 
impaired the effect of the latter. Nevertheless, it must be remembered 
that clinical shock is rarely due to hemorrhage alone. 

Although only half the noradrenaline-treated animals survived, this was a 
significant improvement and supports the clinical belief that the prolonged 
infusion of noradrenaline may prevent an otherwise fatal outcome. The 
beneficial effect of noradrenaline may, at first, seem entirely attributable to 
its ability to increase arteriolar constriction and thus increase blood pressure. 
Although the treated animals did maintain a slightly higher blood pressure 
than the untreated ones, this pressure was still within normal limits. Factors 
other than an increase in peripheral resistance may therefore have been 
important. It has been suggested that noradrenaline increases venous tone 
(1) and it may be that this is an important effect in hemorrhagic shock. The 
positive inotropic action of noradrenaline on the heart may also be a major 
benefit in this condition. These possibilities are being investigated in dogs 
submitted to an experimental procedure similar to the one used in this study. 














LANSING ET AL.: NORADRENALINE IN HEMORRHAGIC SHOCK 101 


Acknowledgment 


The authors wish to thank Dr. C. J. O'Donovan of the Upjohn Company 


for the hydrocortisone used in these experiments. 


be 
—OCmNAMNE WN 


. Eucer, U. S. 
. Euter, U. S. 
. Foster, J. H., Cotiins, H. A., and Scott, H. W., Jr. Surg. Forum, Proc. 40th Congr. 


References 


. ALEXANDER, R. S. Circulation Research, 3, 181 (1955). 

. Baca, Z. M. Ann. physiol. physicochim. biol. 10, 467 (1934). 
. BARGER, G. and Date, H. H. J. Physiol. 41, 19 (1910). 

. BLrascuko, H. J. Physiol. 101, 337 (1942). 

. BoLarine, E. Brit. J. Pharmacol. 4, 234 (1949). 


BUsrinG, E. and Bury, J. H. Brit. J. Pharmacol. 4, 202 (1949). 
BULBRING, E. and Burn, im 3 = J. Pharmacol. 4, 245 (1949). 
Burn, J. H. Irish J. Med. Sci. 6, 345 (1951). 


. Burn, J. H. and Hutcueon, D. E. Brit. J. Pharmacol. 4, 373 (1949). 

i CANNON, W. B. and Rosensiuetn, A. Am. J. Physiol. 104, 557 (1933). 

. CATCHPOLE, B. N., HackeL, D. B., and Simeone, F. A. Ann. Surg. 142, 372 (1955). 

. Downle, H. G. and STEVENSON, J. A. F. Can. J. Biochem. Physiol. 33, 436 (1955). 

. ENGEL, A. and Euter, U.S. v. Lancet, 2, 387 (1950). 

. Euter, U. S. v. Nature, 156, 18 (1945). 

. Euter, U. S. v 

. Euter, U. S. v. Acta Physiol. Scand. 11, 168 (1946). 
V 
Vv 


», J. Physiol. 105, 38 (1946). 


7, Acta Physiol. Scand. 12, 72 (1946). 
7. Acta Physiol. Scand. 16, 63 (1949). 


Am. Coll. Surgeons, 781 (1955). 


. Fremont, R. E., LuGer, N. M., Surxs, S. N., and KLernmMan, A. Arch. Surg. 68, 44 


(1954). 


. Gappum, J. H. and Goopwin, L. G. J. Physiol. 105, 357 (1947). 
. GALANTE, M., RukeEs, M., Forsuam, F. H., and Bett, H. G. Surg. Clin. North Amer. 


34, 1201 (1954). 


. GILmoreg, J. P., SmytHe, C. M., and HANprorp, S. W. J. Clin. Invest. 33, 884 (1954). 
. GLASSER, O. and Pace, 1. H. Am. J. Physiol. 154, 297 (1948). ; 
25. GOLDENBERG, M. PINES, K. L., BALpwin, E. de F., GREENE, D. G., and Ron, C. E. 


Am. J. Med. 5, 792 (1948). 


. GOLDENBERG, M. and Rapport, M. M. _ J. Clin. Invest. 30, 641 (1951). 
27. Greer, C. M., Pinkston, J. O., BAXTER, J. H., Jk., and BRANNON, E. S.J. Pharmacol. 


Exptl. Therap. 62, 189 (1938). 


. LEE, M.O. Am. J. Physiol. 89, 24 (1929). 
29. MILLER, A. J. and BAKER, L. A. Arch. Internal Med. 89, 591 (1952). ’ 
. Mitcer, A. J., Sairrtn, A., Kapitan, B. M., Goin, H., Brtiincs, A., and Katz, L. N. 


J. Am. Med. Assoc. 152, 1198 (1953). 


. Morris, G. C., Jr., Mover, J. H., and Beaztey, H. L. Surg. Forum, Proc. 40th Congr. 


Am. Coll. Surgeons, 798 (1955). 


. Moyer, J. H., HANDLEY, C. A., and Huceins, R. A. Circulation Research, 2, 441 (1954). 

. O'Donovan, C. J. Personal communication. 

. Peart, W.S. J. Physiol. 108, 491 (1949). 

. QUENOUILLE, M. H. Introductory statistics. Pergamon Press Ltd., London. 1950. 

. SCHENKER, V. Endocrinology, 53, 345 (1953). 

. SeLKurRT, E. E., ALEXANDER, R. S., and Patrerson, M. B. Am. J. Physiol. 149, 732 
(1 


947). 


. SENSENBACH, W., Mapitson, L., and Ocus, L. Am. J. Med. 11, 250 (1951). 
. SHADLE, O. W., Moore, J. C,, and Bittinc, D. M. Circulation Research, 3, 385 (1955). 
. Swan, H. J. C. Lancet, 2, 508 (1949). 


TAINTER, M. L., Tucvar, B. F., and LupenpbA, F. P. Science, 107, 39 (1948). 


. West, G. B. Brit. J. Pharmacol. 3, 189 (1948). 

. West, G. B. Lancet, 2, 198 (1952). 

. Wiccers, H. C. and INGRAHAM, R.C. J. Clin. Invest. 25, 30 (1946). 

. Wiccers, H. C., INGRAHAM, R. C., and DILLe, J. Am. J. Physiol. 143, 126 (1945). 
. ZwEIFACH, B. W., LEE, R. E., HyMaAn, C., and CHAMBERS, R. Ann. Surg. 120, 232 


(1944). 


. ZwEIFACH, B. W., LowensteEIn, B. E., and CHAMBERS, R. Am. J. Physiol. 142, 80 


(1944). 

















103 


THE METABOLISM OF URACIL! 


JERROLD G. GOLDMAN, ARNOLD H. SCHEIN, AND BrucE McKay 


Abstract 


Oxygen uptake could not be demonstrated when uracil, uridine, or uridylic 
acid and various supplements were incubated with rat liver preparations. 
Attention was directed towards the likelihood that the initial step of uracil 
catabolism in mammals is a reduction such as occurs in yeasts. Various 
techniques were employed to measure the possible reduction of uracil to 
4,5-dihydrouracil but no experimental evidence was uncovered that this latter 
compound was formed. While Canellakis has recently shown that the reaction 
ee —> 4,5-dihydrouracil does take place in mammalian tissues and that 

I'PNH is required, this requirement must be specific since addition of DPNH 
in the experiments described below was without effect. A small fraction of the 
ureido carbon (C-2) of uracil-2-C™ was released as carbon dioxide by rat liver 
slices. None of the results obtained can be reconciled with the oxidative 
pathway for uracil catabolism in mammals proposed by Cerecedo. 


Introduction 


Recent investigations (20, 21, 16, 6, 7, 9, 10) have rendered untenable the 
sequence of oxidative and hydrolytic reactions proposed by Cerecedo (3) for 


the catabolism of uracil in mammals; e.g., uracil ————+ isobarbituric 


, O» ae: ‘ s 
acid -————+ isodialuric acid — 





O: , , —CO; 
~~ formyloxaluric acid —-——— + oxaluric 


acid —-———> urea and oxalic acid. 
+ H: 

Rutman et al. (20, 21) demonstrated that the ureido carbon of uracil 
appeared not only as urinary urea in rats but also in the respired carbon 
dioxide. Plentl and Schoenheimer (16) found large concentrations of isotopic 
nitrogen in the urinary ammonia of rats fed uracil-1,3 N'®. The Finks and 
their co-workers (6, 7, 9, 10) showed that B-aminoisobutyric acid could be 
derived from thymine, and similarly B-alanine from 4,5-dihydrouracil in 
mammals. However the conversion of uracil to 4,5-dihydrouracil could not 
be demonstrated by these investigators. The intermediate reactions whereby 
uracil is degraded to urea, carbon dioxide, and ammonia require elucidation. 

The purpose of the investigations reported in this paper was to ascertain 
the first step(s) of uracil catabolism by enzyme systems of rat liver. Since 
oxygen uptake did not occur when uracil was incubated with rat liver 
homogenates or slices, attention was directed toward the possibility that the 
first step in uracil catabolism is a reduction to 4,5-dihydrouracil (5). The 
work presented here will deal essentially with this approach. Additional 
experiments were carried out with uracil-2-C™, 
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Materials 


Uracil (Nutritional Biochemicals Corporation).—The shape of the uracil 
ultraviolet absorption curve at pH 10.2 was almost identical with that 
reported by Shugar and Fox (22), with an absorption maximum in 1 N 
hydrochloric acid at 259 my and an extinction coefficient of 8200. Ploeser 
and Loring (17) report a maximum at 258 my and an extinction coefficient 
of 8130 in 0.01 N HCl. Only one fluorescent spot was observed when a paper 
chromatogram of the uracil was developed with water-saturated n-butanol. 

Uracil-2-C™ (Isotopes Specialties Co.).—Labelled as having a specific 
activity of 1 mc./mM., and a radiopurity of 95%. 

4,5-Dihydrouracil (Dougherty Chemical Co.).—Had no ultraviolet absorption 
above 250 my; it melted at 271-274° C., (uncorrected) (11). 

Reduced diphosphopyridine nucleotide (DPNH) (Sigma).—Was found to be 
69% pure by determining its absorption at 340 my and assuming an extinction 
coefficient of 6220 (13). 

Diphosphopyridine nucleotide (DPN) (Sigma).—Was assayed by the method 
of Gutcho and Stewart (12) and was found to be 85% pure. The ultraviolet 
absorption spectra of both DPNH and DPN were essentially the same as 
those reported by Warburg (26). 

Active crystalline alcohol dehydrogenase-—Prepared and assayed by the 
method of Racker (18). 

Uridine triphosphate (UTP) and yeast concentrate (Sigma). 

Uridine, uridylic acid, ninhydrin, B-alanine (Nutritional Biochemicals 
Corporation). 

Adenosine triphosphate (ATP) (Pabst).—Labelled purity was 95%. 


Methods 
Preparation of Tissues 
Liver homogenates (10% w/v in water or in 0.05 M phosphate buffer, 
pH 7.0) and weighed slices approximately 0.5 mm. thick were prepared and 
maintained at refrigerator temperature until just before use, i.e., approximately 
one-half hour after death of the rat. 


Thunberg Technique 

The Thunberg technique as modified by Robertson (19) was used to 
measure the possible enzymatic reduction of uracil by leucomethylene blue. 
The components of the system were methylene blue 0.003 M, 1 ml.; phosphate 
buffer, 0.05 M, pH 7.0, 1ml.; uracil, 0.02 M, 0.5ml.; and 10% liver 
homogenate, 0.5 ml. 


Oxygen Uptake 


Conventional manometric techniques for measuring oxygen uptake were 
employed (23). 
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Paper Chromatography 


Descending paper chromatography was employed to separate and identify 
possible products of uracil catabolism. The solvent was water-saturated 
n-butanol (24). Uracil was visualized by its fluorescence in ultraviolet light 
(Mineralight Model No. V41) and 4,5-dihydrouracil was identified on the 
chromatograms by spraying with 0.5 N sodium hydroxide, heating at 
100° C. for 10 minutes, and finally by spraying the paper with 0.06 NV 
p-dimethylaminobenzaldehyde. Under these conditions the 4,5-dihydrouracil 
yielded a visible yellow spot. This method (8) for the identification of 
4,5-dihydrouracil on paper chromatograms was not published until most of 
the experimental work reported here had been completed. 

The solvents used for separating B-alanine were either the upper layer of the 
system: 40% n-butanol, 10% glacial acetic acid, and 50% water; or 80 ml. 
of 90% phenol warmed with 20 ml. of water to effect solution. The 
B-alanine was identified by dipping the paper in a 0.2% ethanolic solution of 
ninhydrin and the purple color was developed at room temperature in the 
dark for 18 hours. For purposes of identification known samples of the 
compounds under investigation were included in all paper chromatograms. 


Hydrolysis of 4,5-Dihydrouracil and Determination of B-Alanine 

Before the procedure (8) for the identification of 4,5-dihydrouracil on paper 
chromatograms was published this compound was determined by autoclaving 
deproteinized solutions in 6 N hydrochloric acid at 155° C. for 4.5 hours. 
Under these conditions complete hydrolysis of the 4,5-dihydrouracil to 
B-alanine occurred. B-Alanine itself was unaffected by the autoclaving. 
Uracil, when subjected to the same treatment, did not yield a ninhydrin-reacting 
substance. 

After hydrolysis the reaction mixture was dried in vacuo over potassium 
hydroxide and the residue was dissolved in 0.1 N potassium hydroxide in 
methanol. This solution was then dried im vacuo over sulphuric acid to 
remove ammonia. The resulting solid was dissolved in a known volume of 
water and the B-alanine content was measured as follows. 


DETERMINATION OF B-ALANINE 


One milliliter of the solution and 3 ml. of ninhydrin reagent (15) were 
pipetted into a large Pyrex tube. The tube was capped with aluminum foil 
and placed in a boiling water bath for 25 minutes. After the tube was cooled 
in running water the contents were diluted to 25 ml. and the absorption was 
measured at 570 mu. #-Alanine, treated as above, developed a blue color 
which had maximum absorption at 570 my. Suitable corrections were made 
for enzyme and substrate blanks. There was a direct relationship between 
optical density and concentration in the range 0.1-0.5 uM. of B-alanine. 
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Spectrophotometry 

A method based on differential spectrophotometry (14) was employed to 
follow changes in ultraviolet light absorption which might be associated with 
some reaction of uracil. 

One milliliter of uracil (20 uM.) and 1 ml. of DPN (5 4M.) or DPNH 
(5 4M.) were added to 1 ml. of 10% rat liver homogenate in a total volume 
of 3 ml. of 0.05 M phosphate buffer, pH 7.0. The complete system and 
appropriate blanks were incubated in penicillin bottles and shaken for 30 
minutes at 37°C. The reaction was stopped by placing the bottles in a water 
bath at 100° C. for 3 minutes. The coagulated protein was centrifuged off, 
and a 1 ml. aliquot of the supernatant fluid was diluted to 50 ml. with 1.0 M 
potassium bicarbonate buffer, pH 10.2. Aliquots were transferred to “quartz 
cells and the absorption was measured at 282 and 340 my with a Beckman 
DU spectrophotometer. A homogenate blank containing homogenate and 
either DPN or DPNH, and a substrate blank containing only uracil, were 
carried through the same steps as the complete system. 


Isolation of 4,5-Dihydrouracil 

Attempts were made to isolate 4,5-dihydrouracil from the reaction mixture 
containing uracil, DPNH, and rat liver homogenate using the method of Funk 
et al. (11) for the isolation of this compound from beef spleen. The composition 
of the medium was similar to that described under Methods, Spectrophotometry, 
except that 25 times the quantities were utilized and DPNH was constantly 
regenerated by an active aerobic or, in other experiments, anaerobic alcohol 
dehydrogenase system. 


Balance Study 

Balance experiments were performed to determine whether a stoichio- 
metric relation existed between uracil disappearance and formation of 
4,5-dihydrouracil. The procedure was exactly like that described under 
Methods, Spectrophotometry, except that amounts were doubled and the assay 
medium was analyzed for 4,5-dihydrouracil as described under Methods, 
Hydrolysis of 4,5-Dihydrouracil. 


Tissue Slice Experiments 

Three rat liver slices (50-75 mg. each) were placed in 3 ml. of Kreb’s 
bicarbonate buffer, pH 7.4 containing 20 wM. of uracil. Tissue blanks 
contained no uracil and substrate blanks contained no liver slices. Incubation 
was for 5 hours in a shaking incubator at 37°C. From this point on, the 
procedure was like that described under Balance Study except that a dilution 
of 1 : 100 with potassium bicarbonate buffer was employed. 


Experiments with Uracil-2-C' 

The incubating medium employed was that of Rutman et al. (21). Rat 
liver slices, buffer, and magnesium chloride were placed in a 60 ml. 
widemouthed bottle and gassed with oxygen at 37° C. As soon as the glucose, 
ATP, and uracil were added in rapid succession the bottle was closed with a 
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rubber stopper containing a glass rod to the end of which a small glass cup 
had been sealed. The cup contained 0.5 ml. of 8 N sodium hydroxide and 
was positioned about 2 cm. above the surface of the solution in the bottle. 
After 1 hour of shaking at 37° C., the stopper was raised slightly and 1 ml. 
of 10 N sulphuric acid was quickly added to the solution on the bottom of 
the flask. The bottle was immediately restoppered and shaken for another 
30 minutes to allow the sodium hydroxide to absorb completely all of the 
released carbon dioxide. 

One milliliter of saturated barium chloride was added to the small cup to 
precipitate the carbon dioxide. The BaCOQ; was filtered off, dried, and counted 
with a Tracerlab SC-18 Superscaler. 

In one experiment of this type the coagulated protein from the solutions 
which contained uracil-2-C'™ was removed by centrifugation and samples of 
the supernatant solution were analyzed for B-alanine and 4,5-dihydrouracil 
by paper chromatography. The papers were then treated to identify 
4,5-dihydrouracil and B-alanine as described under Methods, Paper 
Chromatography. 


Results 


No oxygen uptake could be demonstrated when rat liver homogenates or 
slices were incubated with uracil, uridine, or uridylic acid. Since Wang and 
Lampen (25) found that cell-free extracts of bacteria would oxidize uracil 
only in the presence of methylene blue, the effect of adding a hydrogen carrier 
(methylene blue or DPN) as well as ATP, UTP, and yeast concentrate either 
separately or in combination to the liver homogenate — uracil system was 
investigated. None of these additions caused an increased oxygen uptake 
over and above that of the homogenate blank. 

The next reaction investigated was a possible reduction of uracil to 
4,5-dihydrouracil such as occurs in yeasts (5). Reducing agents employed 
were leucomethylene blue and DPNH. An attempt was made to measure 
the extent of enzymatic reduction of uracil in Thunberg tubes by noting 
the appearance of a blue color caused by the simultaneous oxidation of 
leucomethylene blue to methylene blue. Formation of methylene blue was 
not observed. 

Spectrophotometry was employed to observe changes in absorption at 
282 and at 340 my in the uracil-homogenate system with added DPN or 
DPNH. 

The particular wave lengths employed for measurements were selected for 
the following reasons: at pH 10.2 uracil shows a broad maximum absorption 
between 260 and 285 my (22) while DPN and DPNH have an isobestic point 
at 282 mu. Therefore if uracil was to be reduced by DPNH, the fall in 
absorption at 282 my could be used to measure the amount of uracil converted 
to 4,5-dihydrouracil, since the latter compound does not absorb at this wave 
length. Even if 4,5-dihydrouracil was not formed by the reduction of uracil 
it is probable that any extensive reaction involving the ring of uracil would 
still be manifested by a change in absorption at 282 mu. 
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TABLE I 


RELATION BETWEEN OPTICAL DENSITY CHANGE, URACIL 
CONCENTRATION, AND DPN OXIDATION 











Change in optical density 








282 mu 340 mu 
— A 1 mM. of uracil —0.030 0 
1 uM. DPNH oxidized to DPN 0 —0.042 





Since DPNH has an absorption maximum at 340 my, and DPN; uracil, 
and 4,5-dihydrouracil do not absorb to any appreciable extent at this wave 
length, any rise or fall in absorption at 340 my would be a measure of the 
amount of DPN reduced or DPNH oxidized. The relation between the 
change in optical density and uracil concentration, also between optical 
density and DPNH oxidation, in the system described in Methods, 
Spectrophotometry, is listed in Table I. These values are based on an extinction 
coefficient for uracil of 4500 at 282 my and an extinction coefficient for 
DPNH of 6220 at 340 mu. 

The optical density of the test system was subtracted from the sum of the 
optical densities of the enzyme and substrate blanks at 282 and also at 340 mu. 
A difference in optical density at 282 my was initially attributed to the 
disappearance of uracil, and similarly, a difference in optical density at 
340 my was ascribed to a reaction involving DPN or DPNH. 

There was no change in absorption when the rat liver homogenate was 
incubated with varying amounts (4 to 10 uM.) of uracil, alone or with added 
DPN. With added DPNH however, there was a significant lowering of 
absorption at 282 and 340 my. DPNH disappearance based on the fall in 
optical density at 340 my was proceeding at a much faster rate than any 
possible reduction of uracil as measured by the fall in optical density at 282 my. 

It was noted that the absorption of the homogenate blank containing 
DPNH but no uracil decreased with time when measured both at 282 and at 
340 my indicating that a reaction affecting DPNH was occurring which was 
not dependent on the reduction or even the presence of uracil. The absorption 
of the homogenate alone did not change under the conditions of the experiment. 

From these observations it was deduced that while DPNH may have been 
utilized for the reduction of uracil, side reactions involving the DPNH 
were competing with its possible uracil reduction role (ex. nucleotide 
pyrophosphatase, which hydrolyzes DPNH at the pyrophosphate bond (4)). 

The appearance of a compound in the test solutions as well as in the 
homogenate-DPNH blank (but not in the homogenate alone or the 
homogenate-DPN blank) identified by its chromatographic behavior as 
inosine was additional evidence that DPNH was undergoing changes 
unrelated to any role in uracil catabolism. 
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TABLE II 


CO. DERIVED FROM URACIL-2-C™ By RAT LIVER SLICES 

















Liver Uracil Time of Counts/min. over 
slices, incubation, No. background from CO, 
Rat No. g. uM. uc. hr. tests ppt. as BaCO; 
1 0.3 14 0.65 0 2 0 
1 4 493 (445-540) 
2 0.3 14 0.65 0 2 0 
1 3 362 (323-416) 
3 0.3 20 0.87 0 2 0 
1 4 1060 (1050-1067) 
4 3.0 10 0.43 0 2 0 
2 3 1335 (1177-1444) 





Norte: Figures in parentheses represent extreme ranges of individual counts. 
Medium: 10-* M ATP, 10-* M MgCh, 18 mg. glucose, final volume of 10 ml. of 10°? M 
glycine buffer, pH 7.4. 


The attempts made to isolate 4,5-dihydrouracil from the reaction mixture 
containing uracil, homogenate, and DPNH were unsuccessful. No material 
corresponding to 4,5-dihydrouracil could be isolated. 

Since small amounts of dihydrouracil could easily escape gross isolation 
procedures, this compound was sought for in the reaction mixtures initially 
by autoclaving aliquots and analyzing for B-alanine qualitatively (chromato- 
graphically) and quantitatively (photometrically). Later when the method 
of identifying 4,5-dihydrouracil on paper using sodium hydroxide and 
p-dimethylaminobenzaldehyde (8) became available, it was so employed. 

The presence of neither B-alanine nor 4,5-dihydrouracil could be 
demonstrated in the homogenate — uracil - DPNH system. 

Fink et al. (9) had reported that while 4,5-dihydrouracil gave rise to 
B-alanine, and thymine yielded B-aminoisobutyric acid, uracil did not yield, 
in an analogous manner, detectable amounts of B-alanine either im vitro or 
in vivo. Since their method of estimation of B-alanine was at best qualitative 
and no attention was paid to changes in uracil concentration, it was 
decided to repeat their experiments using rat liver slices but to employ our 
more quantitative spectrophotometric procedures (Methods, Tissue Slice 
Experiments) for analysis of uracil and possible reaction products. Our results 
were the same as those of Fink et al. (9) in that no uracil could be shown to 
disappear under the conditions of the test, nor was B-alanine detected in 
the reaction medium. 

Since up to this point the participation of uracil in any reaction had not 
been demonstrated, experiments similar to those of Rutman et a/. (21) were 
initiated (Methods, Experiments with Uracil-2-C"). 

Some catabolism of the uracil ring did take place since isotopic CO: was 
released into the surrounding medium (Table I). 
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While no attempt was made to combust the uracil-2-C™ to COs, thus 
permitting quantitative evaluation of the per cent of uracil catabolized to 
CO, in the biologic experiments, it could be roughly estimated that the C“O, 
counted as BaC™O; represented less than 1% of the C™ of the uracil-2-C™ in 
the reaction flasks. 

No 4,5-dihydrouracil or B-alanine could be demonstrated on the chromato- 
grams of the medium from flasks which contained the slices. 


Discussion 


These results would appear to cast additional doubt on the hypothesis (3) 
that the first step in uracil catabolism in mammals is an oxidation. An 
oxidative pathway could not be ruled out entirely since our medium may not 
have been suitable to allow oxidation, nor do negative results of im vitro 
experiments preclude the possibility that an investigated reaction may actually 
take place in vivo. 

Although evidence was far from complete that uracil could be reduced in 
mammals, this hypothesis seemed attractive for several reasons, among them 
the existence of such a reaction in yeasts (5), the demonstration that 
4,5-dihydrouracil could be degraded to B-ureido propionic acid and then to 
B-alanine, ammonia, and carbon dioxide both in vivo and in vitro (6, 7, 9, 10), 
and finally because of the presence of 4,5-dihydrouracil in a mammalian organ 
(11). However, neither we nor Fink et al. (7) were able to demonstrate the 
reduction of uracil to 4,5-dihydrouracil by rat liver. Addition of DPN or 
DPNH as such or as regenerating coenzymes of the alcohol-dehydrogenase 
system was without effect. 

Canellakis (1, 2) has recently shown that the reaction uracil ——> 4,5-di- 
hydrouracil does take place, that it is a major pathway of uracil catabolism, 
and that the reaction requires reduced triphosphopyridine nucleotide 
(TPNH). 

The small moiety of uracil-2-C™ released as CO, by liver slices in our 
experiments and those of Rutman ef al. (21) presumably arises from the 
severely TPNH-limited reduction of uracil to 4,5-dihydrouracil and the 
subsequent degradation of this compound to B-alanine, ammonia, and 
CO: (9). 

Little 4,5-dihydrouracil or B-alanine could be expected to be formed in 
such unfortified and therefore TPNH-deficient solutions. DPNH did not 
replace TPNH showing that the requirement for the latter coenzyme in uracil 
reduction is specific. 


Summary 


No oxygen uptake was observed when rat liver homogenate was incubated 
with uracil, uridine, or uridylic acid in the presence or absence of methylene 
blue, DPN, DPNH, ATP, UTP, and yeast concentrate singly or in combination. 
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A small fraction of the ureido (C-2) carbon of uracil-2-C™ was released as 
carbon dioxide in the presence of rat liver slices. Addition of DPNH did 
not increase the amount of radioactive carbon dioxide derived from the 
uracil-2-C"™, 

Whereas a recent report indicates that formation of 4,5-dihydrouracil is a 
major pathway of uracil catabolism, requiring the coenzyme TPNH, reduction 
of uracil to 4,5-dihydrouracil by rat liver homogenates or slices in the presence 
or absence of methylene blue, DPN, or DPNH could not be demonstrated. 
The requirement therefore of TPNH for this reaction must be quite specific. 
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STUDIES ON ALDOSTERONE 


II. HYPERTENSION AS A CUMULATIVE EFFECT OF 
ALDOSTERONE ADMINISTRATION! 


D. Kumar, A. E. D. HALL, R. NAKASHIMA, 
AND A. G. GORNALL 


Abstract 


Aldosterone has been injected subcutaneously into young rats in doses of 
0.5 ug. per 48 hours and later 1.0 wg. per 24 hours. After 6-12 weeks a rise 
in blood pressure was noted which in about 5 or 6 months reached a maximum 
averaging 75 mm. above control values. This effect was noted in intact animals 
on a normal diet and was the same for either dose employed. The drinking 
of 1% saline instead of water had no significant effect on the result. In adrenal- 
ectomized rats a similar rise was noted and may have occurred sooner, but this 
observation requires confirmation. Aldosterone can account for at least part 
of the syndrome resulting from regeneration of cortical tissue in an enucleated 
adrenal. Desoxycorticosterone was tested in intact rats at dose levels of 25 pg. 
per 48 hours or 100 yg. daily and produced a smaller rise in blood pressure than 
that observed with aldosterone. None of the adrenalectomized rats showed 
protein in the urine, but one in five of the intact animals developed moderate 
to marked proteinuria after 1 to 5 months of hypertension. It is suggested 
that these observations may represent the experimental counterpart of human 
essential hypertension. 


It is now fairly well established that aldosterone is the physiologically 
important salt-retaining hormone of the adrenal cortex. Although Selye (11) 
has suggested that the mineralocorticoids may play a role in the etiology of 
certain diseases, it remains to be shown whether in chronic or intermittent 
relative excess, aldosterone does have harmful effects. This report is con- 
cerned mainly with a cumulative effect of small doses of aldosterone on the 
blood pressure of rats (9). 

For some years the steroid hormones have been listed among the factors 
of possible etiological significance in certain types of hypertension. From 
Loeb’s group in 1939, and several others since, have come reports of the 
development of hypertension in Addisonian patients during treatment with 
desoxycorticosterone (14). Selye et al. (12) reported the production of 
malignant hypertension when 6-10 mg. of desoxycorticosterone acetate 
(DOCA) were injected subcutaneously in rats for about 30 days. Youth, 
salt feeding, adrenalectomy, and unilateral nephrectomy sensitized the 
animals to lower doses. Salgado (10) showed that the hypertensive effects 
could be produced in intact rats receiving extra salt when an estimated 
135 wg. per day of DOCA was absorbed from implanted pellets over a period 
of 90 days. Knowlton et al. (8) produced a striking rise in the blood pressure 
of rats with 2.5 mg. of cortisone daily for 2-3 weeks. Friedman et al. (3) 
found that 1-2 mg. of hydrocortisone acetate per day would cause hypertension 
in rats after about a month. Gross et al. (7) have reported that the adminis- 
tration of 40 ug. per day of aldosterone (in oil) to adrenalectomized, unilaterally 
nephrectomized, 140 g. rats produced no significant alteration in blood 

1Manuscript received July 31, 1956. 
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pressure after 29 days. DOCA at 25 times this dose level produced hyperten- 
sion as well as tissue lesions. They concluded that aldosterone does not 
possess the hypertension producing properties of DOCA. 

Since dose levels of 40 wg. per day must represent an enormous excess of 
aldosterone for a rat, the effect of doses closer to physiological levels but 
maintained for longer periods of time seemed worthy of study. Our experi- 
ments were carried out on male, albino rats (Carworth Farms) weighing 
initially about 100 g. They were kept two or three to a cage and fed ad 
libitum a Purina fox chow diet containing approximately 168 meq. of sodium 
and 194 meq. of potassium per kilogram. 

The aldosterone used was isolated from commercial adrenal cortical extract 
according to the method of Gornall and Gwilliam (5). Desoxycorticosterone 
(DOC) was supplied by Schering Corporation. The steroids were administered 
in aqueous 20% ethanol. 

In a preliminary experiment conducted on 5 intact and 30 adrenalectomized 
rats 0.5 yg. of aldosterone, in 0.1 ml. of aqueous alcohol, was administered 
by subcutaneous injection every 48 hours for a period of 6 weeks. Control 
animals received the solvent alone. The adrenalectomized rats showed a 
poorer growth rate than the intact animals, but those receiving aldosterone 
did not exhibit the initial weight loss shown by the untreated group (Fig. 1). 
Subsequent gains ran parallel. 

No clear evidence of abnormal weight gain suggestive of fluid retention 
was found in the treated rats at the dose level employed. Several of the 
animals receiving aldosterone began to excrete increased protein in the urine 
after about 25 days, and at 6 weeks their blood pressures, measured directly 
by cannulation of the aorta, averaged 15-20 mm. higher than the controls. 
No significant cardiovascular pathology could be detected in these animals. 
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Fic. 1. Growth curves of intact rats, adrenalectomized rats, and adrenalectomized 
rats receiving 0.5 ug. of aldosterone every 48 hours. Each curve an average of five 
animals matched initially for weight. 
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These results prompted a second study on a larger scale for a longer period. 
It began with 30 intact and 60 adrenalectomized rats, but owing to the 
outbreak of an endemic infection many of the adrenalectomized rats were 
lost before the experiment got under way. 


Intact Rats 


The intact rats were divided into four groups: Group A, controls injected 
with solvent alone, water as drinking fluid; Group B, aldosterone-treated, 
water as drinking fluid; Group C, aldosterone-treated, 1% saline as drinking 
fluid; Group D, DOC-treated, water as drinking fluid. Groups B and C 
received 0.5 yg. of aldosterone every 48 hours for the first 3 months. At 
this time, because the blood pressure levels had not risen very much, half 
of the animals in each group were increased to 1 yg. of the hormone 6 days 
a week. The others continued as before. Group D rats were injected with 
25 ug. of DOC every 48 hours for 3 months, half of them were then increased 
to 100 yg. daily. 

Systolic blood pressure measurements were made in unanesthetized, resting 
animals by the microphonic tail cuff manometer technique of Friedman and 
Freed (2) and confirmed later in a few cases by direct cannulation of the 
aorta. Results for the intact rats are illustrated in Fig. 2. Approximately 
half of the animals were sacrificed after 8 months of treatment, the remainder 
after one full year. None of the control rats developed hypertension, although 
the slight trend upward as they grew older and heavier may be significant. 
Body weights after the 12 month period averaged 510 g. 
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Fic. 2. Systolic blood pressure readings in intact rats. Abscissa in months from 
March, 1955, to March, 1956. Group A, controls; groups B and C, aldosterone-treated 
(B drinking water, C drinking 1% saline); group D, desoxycorticosterone-treated. 
Lines give mean values for each group. 
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The broken line represents the average for all of the animals in groups B 
and C. It was found that the drinking of saline made no detectable difference 
in the response observed in group C; nor was the development of hypertension 
hastened or intensified by increasing the dose of hormone after 3 months. 
Systolic pressures were distinctly above control values after about 100 days 
and by 150 days had risen to a plateau level, about 75 mm. above control 
values, that was well maintained but may have decreased slightly toward 
the end of the experiment. There seems to have been a delay in the appearance 
of hypertension followed by a rather sudden rise. This could be fortuitous, 
or due to some unrecognized factor, because the blood pressure readings of 
the control animals in May, 1955, were also lower. 

The effect observed with 50 times the dose level of DOC was about half 
as great after 150 days as with aldosterone; increasing the dose in half the 
group to 100 wg. daily made no difference and the average pressure never 
rose as high as with aldosterone. 


Adrenalectomized Rats 


Rats were bilaterally adrenalectomized under light ether anesthesia. They 
were fed the Purina fox chow diet. The control group, H, and the aldosterone- 
treated group, I, received 1% saline in 5% glucose as drinking fluid. Group 
J, also on aldosterone, received 2% saline in 5% glucose. Only 12 animals 
survived the ist week or so of the experimental period and of these 3 died 
later. Rats in groups I and J received 0.5 ug. of aldosterone every 48 hours 
and after 2 months half in each group were increased to 1 ug. daily as in the 
intact series. Blood pressure readings are shown in Fig. 3. The average 
weight of the animals after 9 months was 420 g. 

The systolic pressure of the control animals averaged 15-20 mm. less than 
the intact animals at the beginning of the experiment. At the end of 6 weeks 
all but one of the aldosterone-treated animals had distinctly elevated systolic 
pressures. After 5 months the average was about 75 mm. above the control 
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Fic. 3. Systolic blood pressure readings in adrenalectomized rats. Abscissa in months 
from April, 1955, to January, 1956. Group H, controls; groups I and J, receiving 
aldosterone (I drinking 1% saline, J 2% saline). 
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level and this difference was maintained during the next 4 months. In these 
animals an abnormal rise in blood pressure seems to have occurred earlier 
than in the intact group, suggesting the possibility that endogenous gluco- 
corticoids may have a protective effect. No accessory adrenal tissue was 
detected in the surviving rats at autopsy. The numbers are too small to 
reveal any sensitizing effect of drinking 2% instead of 1% saline. Doubling 
the dose administered after the first 2 months seems to have made little or 
no difference. The effect of DOC was not tested in the adrenalectomized 
animals. 

Skelton (13) has shown that rats sensitized by uninephrectomy and sodium 
chloride administration develop hypertension and necrotizing vascular 
disease during the regeneration of adrenal cortical tissue that follows surgical 
enucleation of these glands. In a preliminary experiment with similar 
salt-fed, uninephrectomized animals we have removed both adrenals and 
substituted for the regenerating adrenal cortex injections of aldosterone 
increasing over a period of 12 days from 0.5 wg. per day to 1.0 ug. twice 
daily. In 10 weeks the blood pressures had risen to an average value of 
135 mm. (five animals), about 70 mm. above the average for the control 
adrenalectomized rats in Fig. 3. Post-mortem studies have not yet been 
made. 


Proteinuria 


All of the intact rats exhibited proteinuria amounting to 50-100 mg. per 
cent. During the course of the experiment sporadic rises to about 150 mg. 
per cent occurred occasionally, but a definite increase in urinary protein was 
observed in only four rats. This represents for the hypertensive animals an 
incidence of 18%. One rat in B group, after 5 months of hypertension, 
developed proteinuria amounting on the average to 600 mg. per cent; three 
rats in C group developed proteinuria averaging about 900, 300, and 500 
mg. per cent after 1, 1, and 3 months of hypertension respectively. None of 
the rats in D group showed increased proteinuria. 

The adrenalectomized rats excreted urine in which no protein could be 
detected and none appeared even though the animals were hypertensive for 
as long as 7 months as a result of aldosterone injections. 


Discussion 


The above data illustrate the production of experimental hypertension as a 
result of the administration of aldosterone. There would appear to be 
something of special significance in the fact that this effect was obtained 
with a total of less than 50 wg. per rat over a period of 4-6 months, whereas 
Gross et al. found no such effect with a total of 1160 wg. over a period of 29 
days. The explanation for this difference is not apparent to us but it may 
be that excesses above a level required to produce certain changes are without 
further effect. One would think that 0.5 yg. of aldosterone would exert an 
effect on electrolyte balance lasting only a few hours of each 48 hour period. 
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If a consequence of this stimulus is an increase in intracellular sodium, the 
report that these ions tend to be extruded slowly (1) could account for the 
cumulative effect we have observed. This hypothesis has yet to be investi- 
gated. The possibility of a primary effect on the kidneys is not excluded, 
but is not supported, since the few animals that showed proteinuria did so 
only after becoming hypertensive. 

It is of interest that hypertension can be produced by aldosterone in intact 
animals, provided the injections are continued long enough. Increasing the 
salt intake had no detectable effect on aldosterone hypertension, perhaps 
because the diet contained moderate amounts of salt. Adrenalectomy may 
have sensitized the rats to aldosterone but this point and the effect of 
uninephrectomy require further study. No definite signs of water retention 
or edema were seen in these experiments. 

The findings reported here amplify our limited knowledge of the long-term 
effects of hormone administration in doses close to the physiological range. 
They should redirect attention to the adrenals and specifically to aldosterone 
as a factor in the etiology of hypertension. It may be that our hypertensive 
animals represent the experimental counterpart of human essential hyperten- 
sion. Reports that patients with idiopathic hypertension have been found to 
excrete increased quantities of aldosterone (4, 6) lend support to this view. 
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